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Laboratory Project No. 1

Determining the Hardness of Metals

1.1 Theory

Hardness is the property of a metal to resist local plastic 
deformation.

Most frequently, hardness is measured by indentation 
methods. In an indentation test, an indentor (or penetrator) 
is forced into the surface of a specimen.
In doing so, it gives rise to a marked 
local plastic deformation in the surface 
layer. When the load is removed, an 
indentation (impression) is left; its size 
is a measure of the hardness.

Some indentation tests are designed 
to measure macrohardness; others to 
measure microhardness. In the former 
case, the indentor is relatively large 
in size, the impression it leaves covers 
a relatively large area, and its size is 
a measure of the average (or integral) 
hardness of the material rather than that 
of its constituents. In the latter case, 
the indentor is small enough to produce an indentation from 
which the hardness of the various constituents, phases or 
even individual grains can be determined.

The Brinell Method. In the Brinell test the indentor 
is a hardened steel ball (Fig. 1.1). One of the equations 
for the Brinell hardness number is

BHN = ------- 2P
jt D ( D — Y D 2 — d 2)

where BHN is the Brinell hardness number, MPa; P is the 
load or pressure, N; D is the diameter of the ball, mm; and

Fig. 1.1. Determin
ing hardness by 
the Brinell method
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d is the diameter of the impression, mm. As is seen, it is 
the quotient of the applied pressure by the area of the im
pression remaining after removal of load.

Brinell testers are adapted to measure the hardness of 
ferrous and nonferrous metals and alloys in the range of hard
ness numbers up to 4500 MPa.

Table 1-1 Ball Diameter and Test Load as Functions of Specimen 
Material and Thickness

Material BHN,MPa
Specimen
thickness,mm

Relation 
between 
P and D

Ball
dia.,
mm

Load, 
P, N

Time
underload,

s

6-3 10 30 000
1400-1500 4-2 P =  300 D2 5 7 500 10

2 max. 2.5 1875
Ferrous
metals 6 min. 10 10 000

1400 max. 6-3 P =  100 D2 5 2 500 10
3 max. 2.5 625

6-3 10 30 000
1300 min. 4-2 P =  300 Z)2 5 7 500 30

2 max. 2.5 1875

Nonferrous
metals 350-1300

9-3 
6-3 

3 max.
P =  i00Di

10
5

2.5
10 000
2 500 
625

30

6 min. 10 2 500
80-350 6-3 P =  2b D2 5 625 60

3 max. 2.5 156

The ball diameter and the standard load for a test should 
be chosen from Table 1-1. The thickness of the specimen 
should be at least ten times the depth of the indentation 
and is given by

^  jtD(BHN)

On specimens with a curved surface, a flat should be 
machined, with a width and length at least twice the diame
ter of the ball.
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The surface to be tested should be free from scale and 
dirt.

There is a well-defined relationship between the Brinell 
hardness number and the ultimate tensile strength, o t, 
for a wide range of materials. For a few of them the relation 
is as follows.

Steel (BHN 125-175) 
Steel (BHN over 175) 
Cast aluminium 
Copper, brass, bronze: 

annealed 
cold-worked 

Duralumin: 
annealed
hardened and aged

o t « 0.343BHN 
ot ~  0.362BHN 
ot « 0.26BHN

» 0.55B11N 
ot « 0.40BHN
o t » 0.36BHN 
at »0.3SBHN

Brinell testers (or machines) may be a hydraulic type 
operated by hand, or a lever type driven by hand or an 
electric motor. Most fre
quently, motor-driven le
ver-type Brinell machines 
are used (Fig. 1.2).

The specimen is put on 
the anvil (or stage) 2 and 
the handwheel 1 is rotated 
to lift the anvil until the 
specimen comes in contact 
with the indentor3. Now the 
electric motor 5 is switch
ed on, and the ball is 
gradually pressed into the 
specimen under the action 
of the weight 4. After the 
pressure has been kept on 
the specimen for the requir
ed span of time (see Table 
1-1), the electric motor is 
reversed, and the weight is lifted. The handwheel is rota-

Fig. 1.2 Brinell hardness tester: 
1 —  handwheel; 2 — anvil; 3 -  ball 
penetrator; 4 — weight; 5 — electric 

motor

ted backwards, the stage is withdrawn, and the specimen 
is removed. Its surface shows an indentation.

The diameter of the impression is measured with a micro
meter microscope twice in mutually perpendicular directions, 
and the final reading is taken as the arithmetic mean of the
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two. Usually, the eyepiece of the reading microscope has 
a dial which reads to a tenth of a millimetre (Fig. 1.3).

The above equation is seldom used to determine the 
Brinell hardness number in practice. Instead, use is made 
of tables or charts in which BHN values are given in rela
tion to the impression diameter.

In making a measurement, it is important to see that 
the distance between the centre of the indentation and the

Fig. 1.3 Measuring 
the diameter of the 
indentation with a 
micrometer micro-

scope

Fig. 1.4 Rockwell hardness tester:
1 — anvil (or stage); 2 — handwheel; 
3 — weight; 4 — oil dash-pot; 5— ram; 

6 — indicator; 7 — handle

edge of the specimen is at least twice the diameter of the 
impression. Every next measurement should be made at a 
distance at least twice the diameter of the impression from 
the previous one. In no case should the test surface be cold- 
worked or heated.

The Rockwell Method. In the Rockwell test, the hardness 
of a specimen is found from the depth of the indentation pro
duced by a 120° conical diamond point (called a brale) 
or a steel ball 1.59 mm (1/16 in) in diameter.

During a test, an initial, or minor, load of 100 N is ap
plied to seat the penetrator in the surface of the specimen, 
after which a major load of 900 N for the ball and 1400 N 
for the brale is applied. In the case of very hard metals and 
alloys the major load for the brale is limited to 500 N, as a 
heavier load may cause the diamond point to spall.

In testing with a brale, the total load is 1500 N (1400 +  
+  100 N), and the hardness number is read from the “C”
10



scale painted black; it is often designated HRC (Rockwell 
“C” hardness). In testing with a steel ball, the total load is 
1000 N, and the hardness number is read from the “B” 
scale painted red; it is often# designated HRB (Rockwell 
MB” hardness).

In testing with a brale and a total load of 600 N, the 
Rockwell hardness number is read against the pointer on the 
black scale and is designated HRA. A HRA value can be 
converted to a HRC value by the equation

HRC =  2HRA -  104
A Rockwell hardness tester (or machine) is shown in 

Fig. 1.4. The indicator 6 is a dial with two scales (black 
and red) and two pointers—the larger one indicating the 
hardness number and the smaller one indicating the minor 
load.

In testing with a Rockwell machine, the specimen is 
ground and polished on two sides and placed on the anvil 7, 
and the handwheel 2 is rotated so as to lift the anvil until 
the specimen comes in contact with the indentor. The rota
tion of the handwheel is continued until the smaller pointer 
comes against a red point on the dial. This is an indication 
that a minor load of 100 N has been applied to the specimen. 
The larger pointer may or may not read zero on the black 
scale. If it does not read zero, the dial is turned until the 
larger pointer is set to zero.

Now the handle 7 is pushed backward (or the pedal de
pressed) to release the major load equal to the weight 3 
suspended from a lever. The load is kept on the specimen for 
5-7 s. After the dial pointer has come to rest, the handle is 
pulled forward to remove the major load while leaving the 
minor load imposed. The Rockwell hardness number is then 
automatically registered by the larger pointer on the indi
cator 6. The reading is written down, and the handwheel is 
rotated backwards to lower the anvil.

The diamond point is used to measure the integral hard
ness of quenched or low-tempered steel, superficial hardness 
(after carburizing or induction hardening), and the hardness 
of carbide alloys (cemented carbides). The steel ball is used 
to measure the hardness of annealed steel and nonferrous al
loys.

Measurements should be taken at three points as a mini
mum. The distance between two adjacent indentations 
should be at least 1.5 mm for testing with a brale and 4 mm
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for testing with a ball. The thickness of the specimen should 
be at least ten times the depth of the indentation.

In the Rockwell method, the unit of hardness is the axial 
displacement of the indentor equal to 0.002 mm. A Rock
well hardness number can be converted to a Brinell hardness

Fig. 1.5 Comparison of Brinell and Rockwell hardness:
a — Rockwell, scale “C” (diamond cone or brale); b — Rockwell, scale “B” (steel

ball)

number by reference to the diagrams in Fig. 1.5 or Table 1-3 
on page 15.

In the case of very thin specimens (less than 0.3 mm), 
their hardness is measured with a Rockwell superficial hard
ness tester in which the minor load is 30 N and the total 
load is 150, 300, 450, and 600 N.

The Vickers Method. The Vickers test uses polished or 
ground specimens and a diamond penetrator in the form of 
a square-base pyramid with an angle of 136° between the 
faces.

In sketch form, a Vickers pyramid hardness tester is 
shown in Fig. 1.6. In testing, the specimen is placed on the 
stage 1 which is then elevated by turning the handwheel 6 un
til the specimen almost touches the diamond indentor clamp
ed in the ram 2. The pedal 5 is then tripped to release the 
lever system and the indentor is pressed into the specimen 
by the weight 4. After unloading, the stage is lowered and 
the microscope is positioned to read the length of the dia
gonals of the square impression.
12



The eyepiece of the micrometer microscope has two hair
lines. By rotating the micrometer screw, the left-hand (zero) 
line is brought to the left-hand corner of the impression,

Fig. 1.6 Vickers hardness tester:
l  — stage; 2 — ram and diamond pyramid; 3 — microscope; 4 — weight; 

5 — starting pedal; 6 — handwheel
then the right-hand line is aligned with its right-hand corner 
(Fig. 1.7), and the barrel scale is read for the diagonal length. 
Both diagonals should be measured, and the average length 
is used for hardness determination.

The Vickers hardness is given by
HV = 2P sin a/2

13
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where HV is the Vickers hardness; P is the impressed load 
(50, 100, 200, 300, 500, 1000, or 1200 N); a is the angle bet

ween the opposite faces of the 
pyramid; and d is the mean 
diagonal length of the impres
sion, mm.

In testing, the load is cho
sen according to the thickness 
and hardness of the article to 
be tested (Table 1-2).

Fig. 1.7 Measuring the diago- The Vickers method is wide- 
nal of the indentation in the l y  used to measure the hard- 

Vickers test ness 0f j^in parts and super
ficially hardened materials.

Vickers numbers are the same as Brinell numbers up to 
4500 MPa. At higher hardness, Vickers numbers exceed Bri
nell numbers.

Table 1-2 Load as a Function of Surface Thickness

Surface thickness,
Recommended load, N, at the hardness stated

mm
200-500 500-1000 1000-3000 3000-9000

0.3-0.5 
0.5-1.0

1-2
2-4
4

50, 100 
100, 200 
200, 500

50, 100 
200, 500 
300, 500

50, 100 
100, 200 
20), 500 

500

50, 100 
100, 200 
100, 200 
200, 500 
500, 1000, 

1200

In the Brinell and Vickers methods, the dimensions of 
hardness are those of pressure, but they are usually omitted.

1.2 Experiment

Object: To become acquainted with hardness testing 
methods and to learn how to use them.

Apparatus and material: A Brinell tester, a Rockwell 
tester and a Vickers tester; specimens of annealed and harden
ed steel, brass and duralumin; a micrometer microscope 
to measure the indentation; an emery grinder; a file.
14



table 1-3 Comparison of Brinell, Rockwell and Vickers 
Hardness Numbers

Rockwell Brineli, 
10/30 000

Vi
ck

er
s

Rockwell•
Brinell, 
10/30 000

Vi
ck

er
s

Sc
al

e 
“B

”

Sc
al

e 
“C

”

Sc
al

e 
“A

”

In
de

nt
at

ion
 

dia
., 

mm

Nu
mb

er

Sc
al

e 
“B

”

Sc
al

e 
“C

”

Sc
al

e 
“A

”

In
de

nt
at

ion
 

dia
., 

mm

Nu
mb

er

2.00 9460 98 22 62 4.00 2290 2260
— — — 2.05 8980 — 97 21 61 4.05 2230 2210
— — — 2.10 8570 — 97 20 61 4.10 2170 2170
— — — 2.15 8170 — 96 19 60 4.15 2120 2130
— 72 89 2.20 7820 12200 95 18 60 4.20 2070 2090
— 69 87 2.25 7440 11140 94 — 59 4.25 2010 2010
— 67 85 2.30 7130 10210 93 — 58 4.30 1970 1970
— 65 84 2.35 6830 9400 92 — 58 4.35 1920 1900
— 63 83 2.40 6520 8670 91 — 57 4.40 1870 1860
— 61 82 2.45 6270 8030 89 — 56 4.45 1830 1800
— 59 81 2.50 6000 7460 88 — 56 4.50 1790 1770
— 58 80 2.55 5780 6940 87 — 55 4.55 1740 1740
— 56 79 2.60 5550 6490 86 — 55 4.60 1700 1710
— 54 78 2.65 5320 6060 85 — 54 4.65 1670 1650
— 52 77 2.70 5120 5870 84 — 53 4.70 1630 1620
— 51 76 2.75 4950 5510 83 — 53 4.75 1590 1590
— 49 76 2.80 4770 5340 82 -— 52 4.80 1560 1540
— 48 75 2.85 4600 5020 81 — 52 4.85 1520 1520
— 47 74 2.90 4440 4740 80 — 51 4.90 1490 1490
— 45 73 2.95 4290 4600 78 — 50 4.95 1460 1470
— 44 73 3.00 4150 4350 76 — 50 5.00 1430 1440
— 43 72 3.05 4010 4230 76 — — 5.05 1400 —
— 41 71 3.10 3880 4010 75 — — 5.10 1370 —
— 40 71 3.15 3750 3900 74 — — 5.15 1340 —
— 39 70 3.20 3630 3800 72 — — 5.20 1310 —
— 38 69 3.25 3520 3610 71 — — 5.25 1280 —
— 37 69 3.30 3410 3440 69 — — 5.30 1260 —
— 36 68 3.35 3310 3350 68 — — 5.35 1230 —
— 35 68 3.40 3210 3200 67 — — 5.40 1210 —
— 34 67 3.45 3110 3120 66 — — 5.45 1180 —
— 33 67 3.50 3020 3050 65 — — 5.50 1160 —
— 31 66 3.55 2930 2910 64 — — 5.55 1140 —
— 30 66 3.60 2850 2850 62 — — 5.60 1110 —
— 29 65 3.65 2770 2780 61 — — 5.65 1090 —
— 28 65 3.70 2690 2720 59 — — 5.70 1070 —
— 27 64 3.75 2620 2610 58 — — 5.75 1050 —
— 26 64 3.80 2550 2550 57 — — 5.80 1030 —
— 25 63 3.85 2480 2500 56 — — 5.85 1010 —
100 24 63 3.90 2410 2400 54 — — 5.90 990 —
99 23 62 3.95 2350 2350 53

“
5.95 970
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Assignment: (1) To select the tester and load, and to 
measure the hardness of specimens. (2) To compare the re
sults from the different testers by reference to Table 1-3.

Procedure: 1. Measure the thickness of the specimens and 
determine the hardness of brass, duralumin and annealed 
steel on the Rockwell and Brinell testers.

2. Measure the hardness of hardened steel on the Rock
well and Brinell testers.

3. Find the Brinell and Vickers numbers by the equations 
and from Table 1-3. Find the Rockwell number as the mean 
of three measurements.

4. Compare the hardness numbers for the same specimen 
obtained on the various testers.

5. Draw up a report. Enter the results using the form 
given below.

Brinell Hardness

Material thickness, 
mm; treatment

Load, P, 
N

Indentation dia
meter, mm Hardness number

di dz dav
from
table by equa

tion

Rockwell Hardness

Material and Load, P, N Scale
R ead in g

treatment
individual moan

Viekors I lard ness

Material and Load, P, N

Impression dln^o- 
mil, mm

Hardness
number

treatment
<l\ •h '̂ il V

from 
I able

by equa
tion
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In the report, give a brief description of the apparatus 
and techniques used, and present the results of the tests.

Laboratory Project No. 2

Macroscopic Examination of Steel

2.1 Theory

Macroscopic examination has to do with the structure 
and defects of metals and alloys visible to the naked eye or 
at low magnification (not over 30 diameters). Quite aptly, 
the structure thus brought out is called a macroscopic struc
ture.

The macroscopic structure has a direct bearing on the 
engineering and service performance of finished articles, 
so macroscopic examination is widely practised to monitor 
the^quality of metals and alloys.

Macroscopic examination can bring out the structure of 
a steel in the cast condition and after plastic deformation, 
the presence of segregates, gas pockets, blow holes, cracks, 
etc.

Of the many tests used in macroscopic examination, 
those used most frequently are the fracture test, the print 
test, and various etching tests.

In the fracture test, a specimen] is prepared by nicking 
a bar on one side and bending it double or breaking it by 
a blow. The surface appearing at the break is called a frac
ture. The fracture test is a visual method (carried out with 
an unaided eye, magnifying glass, or a binocular microscope). 
From the shape, appearance and ability to reflect light, 
we can identify the structure of the material and the manner 
in which it has failed—viscous or brittle. In the case of brittle 
failure, the fracture has a grainy or crystalline appearance. 
In the case of viscous failure preceded by a marked plastic 
deformation, the fracture has a dull or fibrous appearance. 
In practice, a combination of both frequently occurs—some 
areas appear grainy while others show a fibrous structure.
2-1534 17



The print test is employed to detect dendritic and zone 
segregates such as carbon and the impurities sulphur and 
phosphorus. It can detect segregates over a large area (in a 
large volume) in qualitative terms.

Fig. 2.1 Sulphur segregate in steel

The distribution of sulphur in a steel is determined by 
applying a sheet of photographic paper moistened with a 
5-% solution of sulphuric acid to the surface of a macro
scopic section.

In steels, sulphur is present as the sulphides MnS and 
FeS. Within the areas occupied by the sulphides, they react 
with the sulphuric acid according to the equation

MnS(FeS) +  H2S04 Mn(Fe)S04 +  HaS

The hydrogen sulphide thus produced reacts with the 
silver bromide of the paper

18
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Silver sulphide is brown in colour, so brown spots appear 
on the paper (or a print, as it is called) to give both the form 
and character of sulphide distribution in the steel.

Figure 2.1 shows a print ot a macroscopic cross section 
of a steel rail. As is seen, the sulphur in the steel is distri
buted uniformly.

Phosphorus sulphide is detected by a similar technique, 
but the print displays black spots of silver phosphide.

Of the many etching tests, the macroscopic deep etch 
test is employed to detect discontinuities in the structure 
of a steel after heat treatment 
and welding. After heat treat
ment, the object of the test 
is to detect carbon segregates 
or to determine the depth of 
the hardened layer or case.
It is carried out by immersing 
a smoothed section in the 
Hein reagent made up of 35 g 
CuCl2 and 53 g NH4C1 per 
litre of water. As a result of 
the exchange reaction that fol
lows, a coat of copper is formed on the section surface. 
No or little copper is formed on areas rich in carbon or con
taining some defects (porosity, blow holes, cracks, etc.), 
so these areas are not protected against etching by the am
monium chloride. These areas appear dark.

Figure 2.2 shows a sketch of a macroscopic cross section 
of a case-hardened cam before and after etching. The depth 
of case (the dark band) is measured with a rule.

To welded joints, the macroscopic deep etch test using 
the Hein reagent is applied in order to develop the heat- 
affected area—it appears as a darker material adjacent to 
the weld (Fig. 2.3).

As we have seen, macroscopic examination may be car
ried out on the surface of an article, a fractured specimen, or 
on a smoothened and etched section. In each case, we need 
a macroscopic section.

The first step in preparing a macroscopic section is to 
cut the article to be examined. The cut should be made in 
a plane such that the discontinuity of interest will be deve
loped best. Shrinkage pipe, segregation and some other de
fects are readily visible on cuts and fractures, so no further 
preparation is needed. If the macroscopic structure can only

(a) 0)
Fig. 2.2 Macroscopic section 

of a hardened cam:
(a) prior to etching; (6) after etching

2* 19



be developed by etching, the section must be polished. 
This can be done by hand with emery cloth, or on a polish
ing machine. A specimen should be polished in one direc
tion only, avoiding circular motions.

Fig. 2.3 Macroscopic section of a welded joint:
(a) — light weld (quality welding); (b) defective weld (incomplete fusion)

Several etchants are used to develop the macroscopic 
structure. Most of them are not selective and can develop 
a variety of defects. The etchants most frequently used for 
macroscopic examination are listed in Table 2-1 along with 
their purpose and use.

2.2 Experiment

Object: To get knowledge of the macroscopic structure 
of steel and the methods used to examine it; to learn how 
to carry out a macroscopic examination.

Apparatus and material: Specimens of steel with sulphur 
and phosphorus segregates, after welding and induction 
hardening, with defects of the discontinuity class; emery 
and filter paper; a rubber roll; glossy silver-bromide photo
graphic paper; alcohol; 5-% aqueous solutions of sulphuric 
acid and the Hein reagent; an etching cup.

Assignment: To learn macroscopic examination techni
ques and to examine typical forms of macrostructure of 
Fe-C specimens.
20



Table 2-1. Etchants Used in Macroscopic Examinations

Reagent Composition Purpose Use

Aqueous so
lution of 
nitric acid

4-10 cm3 of nitric 
acid (density, 1.49); 

balance, water

•
Effective in de
veloping voids 
(blow holes, in
complete fusion 
inwelded joints, 
cracks), fibrous 
structure, heat- 
affected zone in 
welded joints, 
flakes.

Use cold. Etch 
for several to 
30 min.

May be used to 
develop dend
ritic structures

Immerse the spe
cimen in the rea
gent or rub the 
section surface 
with a swab moist
ened with etch
ant

Applicable to 
carbon and low- 
alloy steels

Wash in water and 
allow specimen to 
dry. Fine polish
ing with fine
grained emery 
cloth may someti
mes be useful in 
developi ng the 
macroscopic struc
ture

Aqueous so
lution of a 
mixture of 
hydrochlo
ric and sul
phuric acids

100 cm3 IICl \
200 em3 H2S04 f I 
300 cm3 H20 J 
500 cm3 HC1 \
70 cm3 H2S04 } II 

180 cm3 H20 J 
38 cm3 HCl 1 
12 cm3 H2S04HII 
50 cm3 H20 J

Effective in de
veloping segre
gates, fibrous 
and dendritic 
structures, 
voids and other 
defects in most 
steels. Good for 
macroscopic 
deep etch tests

Use hot (95- 
100°G). Immersion 
for 2 h.

Aqueous so
lution of nit
ric and sul
phuric acids

33 cm3 HN03 (den
sity, 1.49), 33 cm3 
HCl (density, 1.19), 
33 cm3 water, 5 g 
potassium bichro
mate

Effective in de
veloping the 
macrostructure 
of stainless 
steels

Immerse in etch
ant

21



Continued

Reagent Composition Purpose Use

Aqueous so
lution of 
ammonium 
persulphate

10-20% solution 
of ammonium per
sulphate

Effective in de
veloping the 
dendritic struc
ture of copper- 
base cast alloys

Immerse in solu
tion at 80-90°C for 
5-10 min

NaOH solu
tion

10-15% solution 
of NaOH in water

Effective in de
veloping the 
macrostructure 
of cast alumi
nium alloys

Immerse specimen 
in solution and 
hold until a dark 
coat is formed. 
Rinse in water 
and dip for a few 
seconds in 50-% 
solution of HN03 
to dissolve the 
coat. Rinse finally 
in hot water.

Aqueous so
lution of 
hydrofluo
ric acid

5-10% solution of 
hydrofluoric acid

Effective in de
veloping the 
macrostructure 
of wrought alu
minium alloys 
(forgings)

Etch for a short 
time and treat 
with 25% solution 
of NaOH in water

Procedure: 1. Detect a segregate. In the case of sulphide 
segregates, employ the print test. Carry out the print test 
as follows:

(a) Rub the surface of an emery-polished macroscopic 
section with a cotton swab moistened with alcohol to remove 
dust and dirt.

(b) Place a sheet of photographic paper in a 3-5% aqueous 
solution of H2S04 for 5-10 min in daylight.

(c) Dry the moistened paper a little by placing it between 
sheets of filter paper.

(d) Apply the dried photographic paper to the prepared 
macroscopic section surface and press it slightly down by 
smoothing with your hand or with a rubber roll. This will 
remove air and gas bubbles from between the section sur
face and the paper. Hold the paper on the section surface 
for not more than 3 min. Take care not to shift the paper on 
the section surface as this will ruin the print.
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(e) Remove the print, hold it in a hyposulphite solution, 
rinse with water, allow it to dry, and examine it for the 
signs of segregates.

2. Determine the depth of #case (carbon segregation) as 
follows:

(a) Rub the section surface with a cotton swab moistened 
with alcohol.

(b) Immerse the section in the Hein reagent with its 
polished surface downwards, and hold it there for at least
30 s.

(c) Take the section out of the reagent, remove the cop
per coat with a damp cotton (filter paper) swab, allow it 
to dry, and examine the macrostructure.

3. Draw up a report. In the report, describe the techni
ques used, sketch the macrostructures developed by etching, 
state and analyse the results obtained. Attach the print 
to the report.

Laboratory Project No. 3

Determining the Critical Points 
of Sn-Zn Alloys

3.1 Theory

The determination of transformation temperatures (cri
tical points) for metals reduces to plotting temperature as 
ordinate and cooling time as abscissa to obtain so-called 
cooling curves. By reference to the curves, it is an easy mat
ter to determine the points at which the molten metal chan
ges from the liquid to the solid state.

The cooling curves, along with an equilibrium phase 
diagram, for the Sn-Zn system are shown in Fig. 3.1. Re
ferring to the phase diagram, primary crystallization be
gins (that is, nuclei of the solid phase just begin to form) 
at what is known as the llquidus temperature, and the last 
traces of the liquid phase disappear at the solidus tempera- 
ture. The two regions are separated by the liquidus line. 
Physically, the liquidus line is the saturation line in the
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sense that it identifies the saturated composition of the li
quid solution.

The most easily melted alloy formed by a given system 
is called an eutectic; its primary crystallization proceeds at

Fig. 3.1 Phase diagram for the Sn-Zn system and approximate cooling 
curves for tin-zinc alloys

f f l r : \^

constant temperature. The primary crystallization of alloys 
begins with the separation of the phase which contains the

excess component above its 
percentage in the eutectic.

It may be assumed that 
tin and zinc have an infinite 
solubility in each other in 
the liquid state, whereas they 
are mutually insoluble and do 
not form any intermediate 
phases in the solid state.

If we add an amount of tin 
to zinc, the liquidus tempe
rature will be depressed. As 
more tin is added, the liquidus 
temperature will be depressed 
more and more until a com
ponent concentration is reach
ed at which the] alloy has 
the lowest freezing point. 

Critical points (or transformation temperatures) can be 
determined with a dilatometer (in the solid state) or by 
the thermoelectric method. A set-up for the thermoelectric 
method is shown in Fig. 3.2,

i

Fig. 3.2 Set-up for the thermo
electric test:

1 — furnace; 2 — molten metal; 
3 — crucible; 4 — hot Junction; 
5 — thermocouple; 6 — cap; 7 — 
cold junction; 8 — galvanometer
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3.2 Experiment

Object: To learn how to determine the critical points of 
metals and alloys by the thermoelectric method, and to 
plot cooling (temperature-versus-cooling time) curves.

Apparatus and material: An electric furnace, a thermo
electric pyrometer, a crucible, specimens of tin and zinc,

Table 3-1. Composition of Alloys

Alloy No.
Content, wt.%

Alloy No.
Content, wt.%

Sn Zn Sn Zn

1 S 95 4 75 25
2 25 75 5 92 8
3 50 50 6 95 5

a balance, a stopwatch, crushed charcoal, the calibration 
curve of the thermocouple, and forceps.

Assignment: To ascertain the thermoelectric methed for 
determining transformation temperatures.

Procedure: 1. Weigh out tin and zinc in the amounts stat
ed in Table 3-1. The total quantity should be at least 200 g.

2. Place the weighed pieces of the two metals in a ref
ractory crucible and heat it in the electric furnace until 
the charge is completely melted (which can be checked by 
stirring the contents with a wooden stick).

Sprinkle a light coat of crushed charcoal over the alloy 
to protect it against oxidation. Raise the temperature of 
the charge 50°C above the melting point.

3. Remove the hot crucible from the furnace, place it 
on a heat-insulating support, and dip in the melt the hot 
junction of a thermocouple, enclosed in a quartz or porce
lain cap.

4. Read the galvanometer (mV) as the pointer moves 
from its full-scale value to the left in steps of 15 s and enter 
the indications in the form shown below.

Reading No. Time, s Galvanometer 
indication, mV Temperature, °C
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The last reading must be the 5th to 7th after the end of soli
dification. Convert the mV readings into degrees Celsius 
by reference to the calibration chart of the thermocouple.

5. Plot the data thus obtained to obtain cooling curves 
and determine the transformation temperatures from the 
points of inflection on the curves.

6. Draw up a report. In the report, describe the deter
mination of the transformation temperatures by the thermo
electric method, include the filled table, the cooling curves, 
and the critical points thus found, and analyse the results.

Laboratory Project No. 4

Determining the Grain Size of Steel

4.1 Theory

The grain size of austenite in a steel depends on its 
chemical composition, the conditions in which it has been 
melted and cast, and the form of mechanical working and 
heat treatment it has received.

According to the tendency of austenitic grains to grow, 
steels may be classed into naturally (hereditary) fine-grain

ed and naturally (heredita
ry) coarse-grained. Fine-grain
ed steels show an insigni
ficant tendency towards grain 
growth on heating (Fig. 4.1). 
In contrast, coarse-grained 
steels show an increased ten
dency towards grain growth 
on heating.

The pearlite of a steel 
changes into austenite on heat
ing through the Acl point. 
This is accompanied by the 
emergence of a large number of 
fine grains of austenite. Their 

size defines what is known as the initial austenitic grain size. 
If the temperature is raised further or held at a constant

90Q-950°C 
Juste ni te

Pearlite
Original
grain
s iz e

Fig. 4.1 Grain growth:
1 — in hereditary coarse-grained 
steel; 2 — in hereditary fine-grained 

steel
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value for some time, grain growth is observed. This heat 
treatment results in the true austenitic grain size.

In hereditary fine-grained steels, grain growth is non
existent up to 930-950°C, past which it proceeds at a high 
rate. In coarse-grained steels, grain growth begins past 
the Aci critical point. Hence, hereditary grain size may be 
defined as the tendency of austenitic grains to grow.

Coarse grains in steels have no effect on the static mecha
nical properties (ultimate tensile strength, yield strength, 
elongation, and hardness), but they strongly reduce impact 
toughness, especially when the hardness is high.

Whereas the true grain size affects the properties of a 
steel, the hereditary grain size governs the choice of hot 
working. Hereditary fine-grained steels can be rolled and 
forged at higher temperatures, they are less sensitive to 
overheating, so they have a wider range of quenching tem
peratures than hereditary coarse-grained steels do.

The grain size is determined by comparison with a grain 
size chart at a magnification of 100 diameters (Fig. 4.2). 
The chart is based on the number of grains within the area 
specified and numbered from 1 to 10. Steels showing a grain 
size from 1 to 5 are classed as coarse-grained, and those from 
6 to 10 as fine-grained.

The austenitic grain size can be determined by any one of 
several tests, such as the carburizing test, the oxidation test, 
and the ferrite network test.

The cementite network test is applicable to case-hardenable 
low-carbon steels. A specimen is placed in an iron box and 
packed with a carburizer (which may be a mixture of BaC03 
and 40% or 60% charcoal). The box is then closed, heated 
and held in a furnace at 930°G for 8 h. After cooling, the 
specimen is cut, and the cross section is polished. The 
polished cross-section is then etched with a4-% solution of 
nitric acid in alcohol, and the grain size is determined from 
the cementite network bounding the former austenitic 
grains.

The oxidation method is applicable to structural and tool 
steels. A duly prepared microscopic section is heated to the 
requisite temperature. Because oxygen diffuses along grain 
boundaries more readily than through the grain bulk, it 
travels deeper along the boundaries, and an oxide film vary
ing in thickness is formed on the section surface.

The ferrite network test is applicable to hypoeutectoid 
steels, and the cementite network test to hypereutectoid
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steels. The specimen is heated in a furnace to 930°C (or to 
the hardening temperature) and cooled. In the case of hypoeu-

70

Fig. 4.2 Grain size chart for steel, X 100 (the numerals are grain-size
ratings)

tectoid carbon steels this is done in air. Carbon hypereutec- 
toid and low-alloy steels are cooled at the rate of 50-100°C
28



per hour to 720-730°C, and then quenched in water. The spe
cimen is then cut, a cross section is polished and etched with 
a 4-% solution of nitric acid in alcohol to develop the grain.

•

4.2 Experiment

Object: To ascertain various grain size tests and to learn 
how to use a microscope and a standard grain size chart for 
the purpose.

Apparatus and material: Specimens of medium-carbon 
steel, a muffle furnace, an emery grinder, emery cloth, a 
polishing machine, a 4-% solution of nitric acid in alcohol, 
alcohol, a metallographic microscope, and a micrometer 
ocular.

Assignment: To illustrate the correct use of the grain size 
test as applied to steel.

Procedure: 1. Get two specimens of the same steel grade. 
Use one specimen for the grain size test by developing the 
ferrite or cementite network.

2. On the other specimen, prepare a microscopic section 
to determine the grain size by the oxidation method. Heat 
the prepared microscopic section in a muffle furnace to 
930°C and hold it at that temperature for 30 min. Then open 
the damper of the furnace for 30-60 s to admit air, and cool 
the section in water. After cooling, carefully polish the 
section surface to remove part of the oxide film while ob
serving the progress of the operation in a microscope. Ex
cessive polishing might remove all of the oxide coat. Etch 
the polished section with a 4-% solution of nitric acid in 
alcohol.

3. Examine the two specimens in a microscope in order 
to compare the grain size determined by each method.

4. Draw up a report. In the report, describe the techniques 
used, sketch the microstructures observed, and evaluate 
the methods used.
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Laboratory Project No. 5

Microscopic Examination of Carbon 
Steel and White Cast Iron at Equilibrium

5.1 Theory

An idea about the microstructural constituents of iron- 
carbon alloys can be gleaned from the equilibrium diagram 
of the Fe-C alloy system (Fig. 5.1).

Iron-carbon alloys containing less than 0.008% C are 
single-phase and have the ferrite structure (Fig. 5.2.).

.. 1600 -;sFern te ----Ferrite ^
+austenite H00 N

Ferrite
Ferrite + tertiary 
cement ite

Fig. 5.1 Iron-carbon phase diagram

Ferrite is a solid solution of carbon in alpha-iron, Fea (C). 
The maximum solubility of carbon in ferrite is about 0.008% 
at 20°C and 0.03% at 727°C. It has a body-centred cubic 
(bcc) crystal structure. Ferrite is an interstitial solid solu
tion; the carbon atoms take up positions at the interstices 
of the lattice. Ferrite is magnetic and fairly plastic. It has 
a Brinell hardness of 800-1000 MPa.
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Iron-carbon alloys with more than 0.008% carbon at 
room temperature have two phases, ferrite and cementite. 
Cementite is a carbide of iron, Fe3C. It has a rhombic cry
stal structure and a high Vickgrs hardness (around 10 000 
MPa), and is extremely brittle.

As the carbon content of an iron-carbon alloy is raised 
in excess of 0.03%, a further constituent, known as pearlite

(the eutectoid), appears. In fact, it is a conglomerate of 
ferrite and cementite. Pearlite forms from austenite upon 
slow cooling from 727°C. The manner in which austenite 
changes to pearlite may be written as

Austenite (0.8% G) ->■ Pearlite [Ferrite (0.03% C) +
+  Cementite (6.67% C)1

Depending on the shape of cementite particles, pearlite 
can be lamellar or laminated (normal) and spheroid (or 
spheroidized). Laminated pearlite with particles of medium 
size has a Vickers hardness of 2000-2500 MPa, and spheroid 
pearlite has a Vickers hardness of 1600-2200 MPa.

The quantity of pearlite increases with increasing carbon 
content of the alloy. The hardness of the alloy also increases 
(Fig. 5.3). Iron-carbon alloys in which the carbon content 
does not exceed 2.14% are called steels.

0.2 040.6 0.8 10 1.2 14 
Carbon content, %

Fig. 5.2 Microstructure of iron 
(ferrite), X100

Fig. 5.3 Hardness of steel de
pending on form of treatment 

and carbon content: 
l — annealed; 2 — as-rolled
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According to the carbon content, steels are classed into 
hypoeutectoid (0.03-0.8% C), eutectoid (0.8% C), and hyper- 
eutectoid (0.8-2.14% C).

The microstructural constituents of a hypoeutectoid 
steel are ferrite and pearlite (Fig. 5.4a). The only microstruc
tural constituent of an eutectoid steel is pearlite (Fig. 5.46).

Fig. 5.4 Microstructure of steel, X250:
(a) hypoeutectoid steel (ferrite, white; pearlite, dark); (b) eutectoid steel (pearlite); (c) hypereutectoid steel (pearlite -f seeondary cementite as a network along grain boundaries); (d) spheroid pearlite (the white background is ferrite and the spheroids are cementite)

The microstructural constituents of a hypereutectoid steel 
are pearlite and secondary cementite (Fig. 5.4c). In order 
to secure good mechanical properties by quench hardening, 
an annealed hypereutectoid steel should consist solely of 
spheroid pearlite (Fig. 5.4d).
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The properties of the various microstructural constituents 
of iron-carbon alloys are listed in Table 5-1.

With an accuracy sufficient for practical purposes, the 
carbon content of annealed hypoeutectoid and hypereutec- 
toid steels can be determined #from their microstructure.

Table 5-1. Properties oi Microstructural Constituents

Constituent
Vickers

hardness,
MPa

Ultimate
strength,

MPa
Reduction of area,

%
Elonga
tion, 6,

%

Ferrite 500-900 190-250 60-75 40-50
Cementite 11000-12000 30.0 max — —

Laminated pearlite 1900-2300 860-900 10-15 9-12
Spheroid pearlite (eutec- 
toid steel)

1600-1900 650-700 18-25 18-25

In the case of hypoeutectoid steels, it is assumed that 
all of the*carbon is present as pearlite (0.8% C). Then, to 
find the carbon content, it is necessary to determine the 
fraction of the area occupied by the pearlite on the micro
section examined, and to multiply the figure by 0.8:

C (%) =  0.8i4p/100

where Ap is the fraction of the section area taken up by 
pearlite.

In the case of hypereutectoid steels, the carbon content 
is found by the following equation

G (%) =  (0.8AP/100) +  (6.67 AJ100)

where Ap is as before, and Ac is the fraction of the section 
area taken up by cementite.

Iron-carbon alloys with a carbon content of over 2.14% 
are called cast irons; one variety is called white cast iron.

As is seen from the equilibrium diagram for the Fe-G 
alloy system (see Fig. 5.1), white cast iron may be hypoeutec- 
tic (with less than 4.3% C), eutectic (with 4.3% C), and 
hypereutectic (with more than 4.3% C).

A feature specific of white cast iron is the presence of 
ledeburite. Ledeburite is an eutectic which is composed of
3-1534 33



austenite and cementite. I t  forms when the liquid solution 
of constant composition (4.3% C) freezes at 1147°G. The

formation of ledeburite as 
an eutectic liquid maay be 
described as
Liquid pearlite (4.3% C)->* 

Ledeburite [Austenite

Fig. 5.5 Microstructure of cast 
irons, X 500:

(a) hypoeutectic cast iron: pearlite
(dark) +  ledeburite (mottled) -f- cementite (white); (b) eutectic cast iron: lede
burite; (c) hypereutectic cast iron: lede
burite +  primary cementite (white bands)

(2.14% C) +
+  Cementite (6.67% C)]

Ledeburite has a Vic
kers hardness of about 
10 000 MPa and is very 
brittle. At a temperature 
below 727°C it consists of 
pearlite and cementite and 
is called transformed le
deburite.

The microstructure of 
white cast iron is shown in 
Fig. 5.5.

5.2 Experiment
Object: To learn bow to 

identify the microstructure 
of steel and white cast 
iron at equilibrium.

Apparatus and material: 
Assorted specimens of car
bon steels and white cast 
iron, a metallographic mi
croscope, a Brinell or Ro
ckwell hardness tester, and 
an equilibrium phase dia
gram for the iron-carbon 
system.

Assignment: To ascertain 
the microstructure of an
nealed carbon steel and 
white cast iron and to 
relate the microstructure 
to hardness.
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Procedure: i. Identity the microstructure of the steel 
and cast-iron specimens.

2. Determine the carbon content of the steel specimens
from the microstructure. •

3. Measure the hardness of the annealed steel specimens 
and determine the carbon content by reference to Fig. 5.3.

4. Compare the two sets of results.
5. Draw up a report. In the report, draw the equilibrium 

iron-carbon diagram, sketch the microstructures examined, 
and state the hardness and carbon content of the steels.

Laboratory Project No. 6

Determining the Effect of Annealing 
and Normalizing on the Microstructure 

of Carbon Steel

6.1 Theory

Annealing refers to heating a steel article to above the 
transformation temperature (the critical point) and the 
subsequent slow cooling (usually in the furnace).

When allowed to cool slowly, a steel approaches a phase 
and structural equilibrium. The structures existing upon 
annealing are named in the equilibrium diagram of the iron- 
carbon alloy system (see Fig. 5.1). An annealed steel has 
a low hardness and a low strength.

The primary objectives of annealing are to correct de
fects in steel (to refine and to make uniform the grain struc
ture) through recrystallization, and to relieve internal stres
ses.

Defects, such as burns and overheating come from fai
lure to follow the prescribed heat-treatment conditions.

A burn (Fig. 6.1) occurs when the article is heated to a 
temperature close to the melting point. When this happens, 
the grains of the metal fuse and oxidize at their boundaries. 
This is an irrepairable defect.

Overheating produces a coarse-grained structure which 
may be corrected by annealing or normalizing. The micro-
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structure of an overheated hypoeutectoid steel displays the 
Widmanstatten structure (even in the cast state) (Fig. 6.2a). 
In this structure, the ferrite is present in the form of need-

Fig. 6.1 Microstructure of a burned steel, X250

les which arrange themselves in certain crystallographic 
planes. It can be corrected by annealing or normalizing 
(Fig. 6.26).

Fig. 6.2 Microstructure of a hypoeutectoid 0.5% C steel, X250:
(a) heavily overheated (Widmanstatten structure); (b) fully annealed (ferrite -fpcarlite)

In cast or overheated hypereutectoid steels, the excess 
(secondary) cementite is rejected in the form of needles
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(Fig. 6.3) or forms a network along grain boundaries (see 
Fig. 5.4c). This defect can be corrected by normalizing.

Exposure to very high 
temperatures may decar- 
burize the surface layer 
of steel articles. This can 
be re-carburized by an
nealing or case-harden
ing.

In hot-rolled steel, 
the ferrite and pearlite 
may appear as strings 
(Fig. 6.4a). This is a line
age structure; it is res
ponsible for anisotropy 
in mechanical proper
ties. The defect can be 
corrected by annealing 
or^normalizing (Fig.6.46).

Cold working'changes 
both the microstructure 
and properties of steels, 
namely it increases the 
hardness and strength 
and reduces the ductility and toughness. Also, it raises the 
solubility of the steel in acids. Cold working produces a

Fig. 6.3 Microstructure of overheated 
1.3% C quality steel, X500:

pearlite + secondary cementite needles

/» V.

^3- *

Fig. 6.4 Microstructure of hypoeutectoid 0.35% C steel, X200: 
(n) as-rolled (lineage structure); (b) fully annealed

banded structure (Fig. 6.5). It can be corrected by annealing 
(Fig. 6.56 and c).
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In most cases, annealing is a preparatory step in heat 
treatment. It is applied to castings, forgings, and rolled 
sections. Sometimes, it is the final step, such as in the an
nealing of large castings.

Annealing may or may not involve phase transformations. 
We shall call the former annealing of the 1st kind, and the

Fig.6.5 Microstructure of com
mercially pure iron, X200:

(a) cold-rolled to 70% reduction;
(b) annealed at 625°C (incomplete recrystallization); (c) annealed at 
670° C (complete recrystallization)

latter, annealing of the 2nd kind. Annealing of the 1st kind 
can correct fully or in part the departures from the equilib
rium state caused by the preceding steps in the manufacturing 
process. It may be further classed into homogenization, 
stress-relief anneal, and recrystallization annealing.

Homogenization (Fig. 6.6) is applied to castings and in
gots of alloy steels to rectify dendritic segregates. The artic
le is heated to 1100-1200°C necessary to promote the diffu
sion processes which homogenize the] chemical composition
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throughout the bulk of the article. Homogenization is follow
ed by slow cooling.

Holding the article at the homogenizing temperature for 
too long a time is wasteful of both productivity and utili
ties (fuel and/or electricity). Annealing at a higher tempe-

t°C
1100

Homogenizati on

Acf

0 0.8 C} %
Fig. 6.6 Forms of annealing treatment

rature is more effective than an increase in holding time. 
Also, it serves to reduce time.

Homogenization annealing produces a coarse grain 
which can be refined by the subsequent mechanical working 
or by full annealing.

Stress-relief annealing is resorted to when the structure 
of a steel article after hot working is good and there is no 
need for recrystallization—it is only necessary to relieve 
internal stresses. For stress-relieving, the article is heated 
to somewhat below the Acl point (Fig. 6.6), held at that 
temperature for the prescribed span of time, and allowed to 
cool in air. Carbon and alloy steels are stress-relieved prior 
to machining, drawing, etc. Low rate of heating and, espe
cially, of cooling must be maintained in the course of stress- 
relieving, since otherwise internal thermal stresses may arise 
again.
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Recrystallization annealing, as its name implies, invol
ves primarily recrystallization, and is applied to deformed 
articles. Most frequently, it is used to remove cold working.

Recrystallization is a diffusion process which proceeds 
at a nonuniform rate—some grains are formed and grow ear
lier than others (see Fig. 6.56). After recrystallization, the

Degree o f  deformation, %

Fig. 6.7 Recrystallization diagram for iron
steel consists of new equiaxed grains (see Fig. 6.5c). This 
is primary or treatment recrystallization.

Heating at a higher temperature results in cumulative 
recrystallization in which some of the recrystallized grains 
grow at the expense of the smaller ones. An increase in tem
perature stimulates cumulative recrystallization, because 
the diffusion processes proceed now at a faster rate and 
the conditions are favourable for a coarse-grained structure 
to form. Cumulative recrystallization proceeds at a non- 
uniform rate, too, and begins practically before primary or 
treatment recrystallization is complete.

The size of recrystallized grains has a strong effect on 
the properties of the metal. The best combination of strength 
and ductility is obtained in fine-grained steels.

After recrystallization, it is usual to determine the grain 
size by reference to three-dimensional recrystallization 
diagrams (Fig. 6.7). However, recrystallization diagrams 
neglect the effect of heating rate and grain size prior to de
formation. A higher heating rate tends to produce a finer 
grain, whereas a smaller original grain size permits a high
er critical degree of deformation and results in a smaller 
recrystallized grain size (for a given degree of deformation).
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For each grade of steel or alloy, there is a certain defi
nite temperature at which recrystallization begins. This 
temperature is related in a definitive manner to the melting 
temperature of the metal #

Tt — <xT m

where Tv is the absolute temperature of recrystallization, 
Tm is the melting temperature, and a is a coefficient which

Table 6-1. Recrystallization and Annealing Temperatures

Metal
Temperature, °C

recrystallization (theore
tical at a =  0.4) annealing

Iron 450 600-700
Steel 450 600-700
Copper 270 450-500
Brass 250 400-500
Aluminium 50 250-350

depends on the purity of the metal. For commercially pure 
metals and alloys it is 0.3-0.4, for absolutely pure metals 
it is 0.1-0.2, and for solid-solution alloys it is 0.5-0.6, being 
sometimes as high as 0.8.

In practice, when the objective is to remove cold working, 
the article is heated to higher temperatures in order to speed 
up recrystallization. The theoretical and practical tempe
ratures of recrystallization and of recrystallization anneal
ing are compared in Table 6-1.

The manner in which the mechanical properties of a 
cold-worked metal vary is illustrated in Fig. 6.8. When, on 
heating, the article is raised to the initial temperature of 
recrystallization, £lr, there is a sharp decrease in the ulti
mate strength and, especially, the yield strength, whereas 
the ductility increases. Cumulative recrystallization does 
not practically affect the mechanical properties. Heating 
to a higher temperature is accompanied by a further grain 
growth and a reduction in ductility because of overheating.

Recrystallization annealing is often used as an interme
diate heat treatment in the case of cold rolling, drawing,
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stamping, etc. For metals and alloys in which no phase 
changes occur in the solid state, recrystallization annealing 
is the only way to control the grain size.

Annealing of the 2nd kind, as already noted, utilizes 
phase changes occurring in metals and alloys on cooling.

It may be classed into 
full annealing, low-tem
perature annealing, and 
isothermal annealing.

In full annealing (see 
Fig. 6.6), hypoeutectoid 
steel is heated to a tem
perature 30-50°C above 
the Ac3 point, held 
at that temperature until 
it is the same throughout 
the bulk, and slowly 
cooled. On heating, the 
ferritic-pearlitic struc
ture changes to austeni
tic; on slow cooling, the 
austenite changes back 
to ferrite and pearlite. 
A complete recrystal
lization takes place.

Heating to well above 
the Ac3 point promotes 
grain growth and, as 
consequence, impairs the 
mechanical properties. 
Slow cooling provides for 
the decomposition of the 

austenite. Alloy steels are cooled at a far slower rate (10- 
100 deg per hour) than carbon steels (150-200 deg per hour).

The main objectives of full annealing are to correct the 
structural defects brought about by the previous working 
or treatment (casting, hot deformation, welding, and heat 
treatment), to soften the steel prior to machining, and to 
relieve internal stresses.

In low-temperature annealing (see Fig. 6.6), the article 
is heated above the Acl point and then slowly cooled. This 
brings about a partial recrystallization of the pearlite. 
Low-temperature annealing is applied to hypoeutectoid 
steels in order to relieve internal stresses and to improve

Fig. 6.8 Effect of temperature on the 
mechanical properties and structure 

of a cold-worked metal:
Of — ultimate tensile strength; o 0 8 — proof 

stress; a — elongation
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machinability if the preceding hot working has not produc
ed a coarse-grained structure.

Hypereutectoid steels are given a heat treatment called 
spheroidize annealing or, simply, spheroidizing which produ
ces a rounded or globular 
form of pearlite (see Fig.
5.4d). In the spheroidizing 
method, the cooling rate 
is low' so that the austeni- 
te'has time to break up into 
a' ferrite-carbide mixture 
and the carbides can form 
globules. In spheroidiz
ing, the article is heated for 
a prolonged span of time al
ternately within and slight
ly below the critical temperature range, that is, around 
the Acl point (Fig. 6.9).

Steels with a spheroidized structure are less susceptible 
to overheating, cracking and deformation during the subse
quent hardening, and lend themselves readily to machining.

------------------730-7W- / w s r
/  \680-690°

T
Fig. 6.9 Time chart for spheroi

dizing

Fig. 6.10 Transformation in isothermal annealing

In isothermal annealing (Fig. 6.10), the article is heated 
as usual, and is rapidly cooled (frequently by placing into 
another furnace) to a temperature 50-100°C below the Acl
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point. At that temperature it is held until the austenite has 
completely decomposed, after which it is cooled in air. 
Isothermal annealing is applied to small parts made of alloy 
steels in order to make the structure more uniform.

White annealing is done in much the same manner as full 
or low-temperature annealing, with the use of a shielding 
atmosphere or in a partly evacuated furnace. As an alter
native, white annealing can be carried out in an iron box 
packed with a spent carburizer, cast-iron chips, and the like. 
It is applied to cold-rolled ribbon, bars, wire, and also to 
articles to be electroplated, in order to protect the surface 
against oxidation and decarburization.

Normalizing involves heating to a temperature above the
"point in the case of hypoeutectoid steels, or 50-60°C 

above the Acm point in the case of hypereutectoid steels, 
followed by cooling in air. Normalizing brings about the 
recrystallization of the steel, and this removes the coarse
grained structure produced by casting, forging, or overheat
ing.

Since the article being normalized is allowed to cool in 
air, the austenite breaks down into a ferrite-cementite mix
ture at lower temperature, and the mixture is more dispersed.

The purpose of normalizing is different for different steels. 
In the case of low-carbon steels it replaces annealing. As a 
result, the hardness is somewhat raised, but the surface 
quality after machining is improved.

In the case of medium-carbon steels, normalizing is used 
instead of hardening and high tempering. This reduces the 
mechanical properties, but the ductility is better than it is 
after hardening. In the case of high-carbon (hypereutectoid) 
steels normalizing is employed in order to remove the ce- 
mentite network (see Fig. 5.4c).

Normalizing followed by high tempering (600-650°C) 
is often used instead of annealing in order to correct the 
structure of alloy steels.

6.2 Experiment

Object: To learn when and how to apply annealing and 
normalizing.

Apparatus and material: Specimens of overheated or cold- 
worked 0.4% C and 1.2% C steels, muffle furnaces, an emery 
grinder, emery cloth, a polishing machine, a 4-% solution
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of nitric acid in alcohol, a metallographic microscope, and 
forceps.

Assignment: To trace the effect of annealing and norma
lizing on the microstructure ofc carbon steels.

Procedure: 1. Prepare specimens of overheated hypoeutec- 
toid (0.4% G) steel and hypereutectoid (1.2% C) steel in the 
form of discs 15-20 mm in diameter and 12-15 mm thick, 
and place them in the muffle furnaces.

2. Leave one specimen each of overheated steels in the 
“as-supplied” condition and prepare sections for microscopic 
examination (microsections).

3. Hold the specimens in the furnaces for the specified 
span of time and cool them as required.

4. Prepare microsections from the cooled specimens, 
examine them in the microscope, sketch their microstruc- 
tures, and compare with those of the specimens left in the 
original state.

5. In the case of specimens from cold-worked steels, choose 
the temperature for recrystallization annealing from Table 
6-1.

6. In the report, briefly state the techniques used, sketch 
the microstructures observed, and analyse the results.

Laboratory Project No. 7

Determining the Effect of Heating 
for Hardening on the Microstructure 

and Hardness of Carbon Steel

7.1 Theory

The operation of quench hardening consists essentially 
of heating the article through the transformation tempera
ture (the critical point), holding it at that temperature, 
and cooling it rapidly, or quenching.

The objectives of quench hardening are to improve hard
ness and strength. Quench hardening converts the auste
nite of the steel into a metastable structure called marten
site which is a highly supersaturated solid solution of carbon
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in alpha iron. The carbon content of the martensite is the 
same as that of the original austenite.

After polishing and etching, martensite appears distinct
ly acicular in structure. It has a high Vickers hardness of 
around 8500 MPa (Fig. 7.1).

Fig. 7.1 Martensite, X500

The end results of quench hardening depend to a great 
extent on the choice of the temperature to which the article

is heated. If a hypoeutec- 
toid steel is heated to be
low the Acl point (point 
1 in Fig. 7.2) the hardness 
will not [rise because no 
phase changes take place 
and the resultant structure 
will be ferrite +  pearlite 
(see Fig. 5.4).

When the steel is heated 
above Acl (point 2) the 
structure is ferrite -f- auste
nite. The quenching con
verts the austenite to mar
tensite and the resultant 
structure is ferrite -f mar
tensite (Fig. 7.3).

The ferrite remaining when the steel is heated to point 2 
(see Fig. 7.2) will undergo no changes. The formation of 
martensite improves hardness.

Heating to a higher temperature (point 3 in the same 
figure) will bring about an increase in hardness because the

500

\%rUte *  AcI *pear I ite s  Peart 11
Yfterte
cementite\fc_________

nni n u0 0.03 0.8 2M%G
Fig. 7.2 “Steel angle” of the iron- 

carbon diagram

46



proportion of austenite increases with rising temperature, 
whereas the proportion of ferrite decreases, so the subsequent 
quenching produces an increased amount of martensite.

The hardness will keep increasing until the article is 
heated through the Ac3 point (by 30-50°, point 4). This form

Fig. 7.3 Microstructure of quench-hardened steel: 
martensite +  ferrite (white), X500

of heating produces austenite, and the subsequent quench
ing leaves martensite (see Fig. 7.1). ,

Heating with quenching from that temperature is full 
hardening. Heating a hypoeutectoid steel by 70-100°C above 
the Ac3 point is detrimental as it leads to austenitic grain 
growth, and the subsebuent quenching produces coarse aci- 
cular martensite. At the same time, the quenched steel has 
a small amount of retained,.austenite which reduces both 
the hardness and mechanical properties of the steel. For 
this reason hypoeutectoid steels are given full hardening, 
that is, they are heated by 30-50° above the Ac3 point.

In eutectoid and hypereutectoid steels, heating to be
low the Acl point brings about no structural changes, and 
their hardness is not raised. When heated by 50-79°C above the 
Aci temperature, an eutectoid steel as a whole becomes aus
tenite, and a hypereutectoid steel becomes a mixture of
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austenite and cementite. After quenching, an eutectoid 
steel becomes martensitic (see Fig. 7.1) and a hypereutectoid 
steel a mixture of martensite and cementite (Fig. 7.4). 
Also, these steels have a small proportion of retained auste
nite.

If a hypereutectoid steel is heated for hardening above 
the Acm point, its structure will contain coarse acicular mar-

Fig. 7.4 Microstructure’j of 
quench-hardened hypereutec

toid steel, X 500:3
martensite +  secondary cementite 
(broken network); heating above A cl

Fig. 75. Micro structure of
hypereutectoid steel, X500:

coarse acicular martensitej-f auste» nite; heating above Acm

tensite and an increased proportion of retained austenite 
(Fig. 7.5) which will impair the hardness of the steel.

All hypereutectoid steels are given incomplete harden
ing—they are heated by not more than 50-70°C above the 
Acl temperature. The time of heating depends on the type 
of heating device used. In the case of electric air furnaces, the 
heating time is 0.8-1 min per square millimetre of the cross 
section. In a salt bath the figure is twice as high, and in a 
bath of molten metal (lead), three or four times the figure.

When the desired temperature has been reached, the ar
ticle is held at that temperature until it is soaked over the 
entire cross section, all phase changes are complete, and the 
composition of austenite is the same through the bulk. The 
higher the temperature of heating for hardening, the shorter 
the holding time. Often, the holding time is taken as one- 
fifth of the heating time.
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7.2 Experiment

Object: To learn how to select the temperature of heating 
for hardening. •

Apparatus and material: Specimens of hypoeutectoid 
steel (0.40 or 0.50% C) muffle furnaces, water-filled quench
ing tanks, an emery grinder, emery cloth, Brinell and 
Rockwell hardness testers, and forceps.

Assignment: To trace the effect of the heating temperature 
on the microstructure and hardness of hypoeutectoid carbon 
steel.

Procedure: 1. Prepare specimens of hypoeutectoid steel 
(0.40% C or 0.50% C) in the form of discs 15-20 mm in dia
meter and 12-15 mm thick, and place them in furnaces raised 
to 650°C, 750°C, 800°C, 850°C, and 900°C.

2. Hold the specimens for the specified span of time and 
quench them in water.

3. Grind the quenched specimens on the emery grinder to 
remove scale from both sides, and measure their hardness 
on the Rockwell tester under loads of 1000 N and 1500 N. 
Convert the Rockwell hardness numbers into Brinell hard
ness numbers by reference to Table 1-3.

4. Enter the data thus obtained in the form shown below, 
and construct a plot with the hardness laid off as ordinate 
and the heating temperature as abscissa.

Hardness
Heating temperature, °C Rockwell

“C” Brinell, MPa
Microstructure

650
750
800
850
900

5. Examine the sections for microstructure by reference 
to the phase diagram of the Fe-Fe3C system.

6. Draw up a report. In the report, briefly state the tech
niques used, the hardness values measured, the microstruc
tures identified, and analyse the results.
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Laboratory Project No. 8

Determining the Effect 
of the Quenching Rate on 

the Microstructure and Hardness 
of Carbon Steel

8.1 Theory

In quench hardening, the final structure of the steel 
markedly depends on the rate of cooling (quenching) adopt
ed. If a 0.8% C steel heated to an austenitic state is cooled 
at varying rates, the austenite will be undercooled and its

°1 u2 °3 °c °cool de9 s ~f

Fig. 8.1 Transformation of austenite on continuous heating in 
a 0.8% C steel

temperature of decomposition will be depressed by an in
creasingly greater amount as the rate of cooling is increased 
(Fig. 8.1). The eutectoid transformation

Austenite (0.8%C) ->■
^  Pearlite [Ferrite (0.03% C) 

+  Cementite (6.67% C)]
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begins with the nucleation of cementite at grain boundaries. 
Cementite lamellae grow into the bulk of the austenite grain, 
the adjacent microscopic volumes merge together, and ferrite 
is formed. The result is a mechanical mixture of ferrite and 
cementite, or pearlite. The pearlite transformation is as
sociated with diffusion processes which take place at rela
tively high temperatures {Aci =  600-700°C) and relatively 
low rates of cooling (vx).

As the rate of cooling is increased (vt — v3), the auste
nite is undercooled increasingly more (its transformation 
temperature is depressed further), the number of cementite 
nuclei increase, but the rate of carbon diffusion decreases. 
This serves to refine the structure of the ferrite-cementite 
mixture, and leads to a higher hardness and a better 
strength.

According to the rate of cooling adopted, the following 
constituents may form in the steel.

Pearlite. This is a coarsely laminated conglomerate of 
ferrite and cementite (see Fig. 5.46) which is formed when

Fig. 8.2 Photomicrograph of quench sorbite: 
(a) X 15 000 and (b)xl000

the article is allowed to cool slowly with the furnace (vx 
in Fig. 8.1). Laminated (on normal) pearlite has a Vickers hard
ness of 1900-2300 MPa.

Quench sorbite. This is a finely laminated mixture of 
ferrite and cementite (Fig. 8.2) which is ordinarily formed when 
the article is allowed to cool in air (v2 in Fig. 8.1). Quench 
sorbite has a Vickers hardness of about 3000 MPa.

Quench troostite is a finely dispersed mixture of ferrite 
and cementite (Fig. 8.3) which is formed on cooling in oil
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(vs in Fig. 8.1). Quench troostite has a Vickers hardness of 
about 4000 MPa.

Fig. 8.3 Photomicrograph of quench troostite:
(a) X 15 000 and (b) X1000

Pearlite, quench sorbite and quench troostite have the 
lamellar structure of cementite. They are all the pearlite 
type of quench structures.

t,°c Austenite a
inn 'v/ uu

\\ Pearlite
500 \ \ \  ^ V2 \ V W  Sorbite

300
\ VxvS.\ \ ^Kjroosti te

~ \ \ M*■//■ I • > V J-' '/&///////,
WO _ Uas.*\/77art\

0 - 1 \ \  Mf
WO -0S \ V c ' ^ ' W
200 fa) (b )

Time —

Fig. 8.4 Transformation dia
gram (TTT curve) for under

cooled austenite:
(a) martensite +  retained austenite; (5) troostite +  marten

site -j- retained austenite

Fig. 8.5 Microstructure of 
quench hardened steel, X500: 
martensite (white )+troostite (dark)

When viewed in a metallographic microscope quench sor
bite is difficult to tell from quench troostite. Yet, since 
quench sorbite is a coarser mixture of ferrite and cementite, 
it stands out more distinctly.
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For further insight into the effect of cooling rates on the 
structure of a steel, use should be made of a TTT (time, tem
perature, transformation) diagram on which cooling rate 
vectors are superimposed. Such a diagram for austenite is 
shown in Fig. 8.4. At a higher cooling rate, v3, some of the 
austenite changes into a ferrite-cementite mixture while the 
remainder is left unchanged. As the temperature is pro
gressively brought down, the retained austenite begins to 
change into martensite. Marten
site begins to form at the Ms 
temperature and ends at the 
M f temperature. The resultant 
constituents are quench marten
site and quench troostite (Fig.
8.5).

The further increase in the 
rate of cooling (from i;4 up
wards in Fig. 8.1) retards diffu
sion processes in the austenite, 
the austenite is undercooled 
to the Ms temperature, and chan
ges to quench martensite non- 
diffusionally.

When the rate of cooling is the steel is a mixture of 
martensite and retained austenite.

The martensitic transformation is accompanied only by 
the change of the face-centred cubic (fee) lattice into the 
body-centred cubic (bcc) lattice of alpha iron without the 
rejection of carbon from solid solution, because of which 
the cubic lattice is deformed into a tetrahedral one (Fig. 8.6). 
As the carbon content of the austenite is increased, the lat
tice becomes increasingly more tetrahedral, and the steel 
gains increasingly more in hardness.

The austenite changes into martensite in the temperature 
range between Ms and Mt only if the cooling is continuous, 
and the rate of nucleation is high, being anywhere between 
1000 and 7000 m s"1. The martensite plates which appear first 
are usually oriented at an angle of 60° or 120° with respect 
to one another. Their size depends on that of the original 
austenite grains. Coarser austenite grains give rise to larger 
martensite plates. The transformation of austenite into 
martensite is accompanied by expansion in volume.

Fig. 8.6 Space lattice of 
martensite

53



8.2 Experiment

Object: To learn how to select the quenching medium and 
to carry out quench hardening.

Apparatus and material: Specimens of hypoeutectoid 
steel (0.40% C or 0.50% C), muffle furnaces, oil- and water- 
filled quenching tanks, an emery grinder, emery cloth, a 
polishing machine, a Rockwell hardness tester, a 4-% so
lution of nitric acid in alcohol, a metallographic microscope, 
and forceps.

Assignment: To trace the effect of cooling rate on the 
microstructure and hardness of carbon steel.

Procedure: 1. Measure the hardness of the specimens in 
the “as-received” condition on the Rockwell tester (scale “B”) 
and enter the results in the form given below.

Steel
grade

Original
hardness,HRB

Quenched 
from, °C

Quenching
medium

Hardness after quench
ing, HRC

Micro-
structure

2. Choose an optimal heating temperature for hardening 
for a given steel by reference to the diagram in Fig. 5.1, 
and decide on the heating time according to the size of the 
specimen.

3. Heat and quench the specimens in air, oil, and water.
4. Work the specimens on the emery grinder to remove 

scale and the decarburized surface layer. To avoid overheat
ing in grinding, dip the specimens in water at regular inter
vals.

5. Measure the hardness of the quenched specimens on 
the Rockwell tester (scale “C”), and enter the results in the 
table.

6. Prepare microscopic sections of the quenched speci
mens, examine them in the microscope, and sketch the struc
tures observed.

7. Draw up a report. In the report, state briefly the 
techniques used, sketch the microstructures examined, and 
analyse the results.
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Laboratory Project No. 9

Determining the Effect 
of Tempering Temperature on 

the Microstructure and Hardness of 
Quenched Steel

9.1 Theory

When properly conducted, quench hardening produces 
a steel in the martensitic condition, so it has a high hardness 
and strength, but a low ductility and toughness. In order 
to bring down the hardness and strength, to relieve internal 
stresses, to improve ductility and toughness, and also to 
make the structure more uniform, quenched articles are 
subjected to tempering.

Tempering (or drawing) refers to the reheating of quench
ed articles to a temperature below the critical range, Ac2, 
holding at that temperature, and cooling (usually in air) 
at the specified rate.

The higher the reheating temperature, the more complete 
the relief of stresses in quenched articles.

The rate of cooling also affects the magnitude of residual 
stresses. Slow cooling leads to a lower level of stresses. 
Rapid cooling (quenching) in water from 600°C produces 
new thermal stresses. With cooling in air, the compressive 
stresses are one-seventh and with cooling in oil they are less 
than one-third of their value with quenching in water. 
This is the reason why in tempering it is usual to cool the 
articles in air.

Tempering may be low, medium and high.
Low tempering is carried out in the temperature range 

80-200°C and brings about no noticeable changes in the 
microstructure. With this form of tempering, the crystal 
lattice of the martensite becomes less tetrahedral because 
it rejects its carbon in the form of e-carbide. The crystal 
lattice of e-carbide is coherently bounded to the martensite 
lattice, that is, some of the crystallographic planes are com
mon to both. Owing to the coherent bond, the hardness of 
the steel is not reduced whereas internal stresses are brought 
down. Low tempering transforms quench martensite into
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temper martensite which has a higher impact toughness, 
ductility and hardness. Temper martensite etches more 
strongly than quench martensite.

Medium tempering is conducted in the temperature range 
350-500°C. At temperatures above 300°C, diffusion processes 
are intensified, the e-carbide changes into cementite which

is rejected from the solid-solu
tion lattice. The formation 
and growth of cementite is ac
companied by a decrease in hard
ness and an increase in tough
ness and ductility (Fig. 9.1). 
Medium tempering leaves a finely 
dispersed mixture of ferrite and 
cementite which has the globular 
structure of cementite. This is 
temper troostite. Because the 
cementite particles are finely 
dispersed (they measure 3 X 
X 10”6 mm across), temper 
troostite is more readily etch- 
able (Fig. 9.2). Its Vickers 
hardness is 3500-4500 MPa.

High tempering is carried 
out in the temperature range 
500-650°C. It completely re
lieves internal stresses and 

produces coarse cementite particles. High tempering brings 
down the hardness of the article, but markedly improves 
its ductility and impact toughness (see Fig. 9.1). It produces 
a structure known as temper sorbite (Fig. 9.3). Temper sorbite 
consists of a ferrite matrix in which cementite particles 
are embedded. Its Vickers hardness is about 3000 MPa. 
The cementite particles dispersed in the ferrite matrix are 
1 X 10"5 mm in diameter.

Tempering in the temperature range 250-350°C is not 
practically used, as it would increase the brittleness of the 
steel, that is, bring about a sharp increase in impact tough
ness. In this temperature range, the retained austenite 
changes into temper martensite, and the steel expands in 
volume because austenite occupies a smaller volume than 
martensite does. Also, the previously existing martensite 
undergoes a nonuniform transformation. Diffusion proceeds 
faster at the grain boundaries than in the grain bulk, so

df BHN 
MPa
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Tem pering  
te m p e r a tu r e , °C

Fig. 9.1 Mechanical proper
ties as a function of tempering 
temperature for 0.40% C 

steel:
6 — elongation; — reduction 

of area
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cementite is rejected to the boundaries more readily. Taken 
together, these events embrittle the steel. This is temper

Fig. 9.2 Photomicrograph of Fig. 9.3 Photomicrograph of 
temper troostite, X 500 temper sorbite, X500

brittleness of the 1st kind. It can occur in both carbon and 
alloy steels.

The average hardness of the principal constituents of 
carbon steels is given in Table 9-1.

Table 9-1. Average Hardness of the Constituents of Carbon Steels

Constituent Vickers hardness, MPa Brinell hardness, MPa

Ferrite 500-900 600-900
Austenite 1490-1770 1500-1800
Pearlite 1900-2260 1900-2300
Sorbite 2500-3050 2500-3000
Troostite
Mixture of troostite and

3610-4850 3500-4500
martensite 5510-7460 5000-6000
Martensite 8670-9400 6500-7000
Cementite 11140-12200 8000-8500

9.2 Experiment
Object: To learn how to analyse the structure and pro

perties of quenched steel articles after tempering.
Apparatus and material: Quenched specimens of carbon
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steel, a Rockwell hardness tester, muffle furnaces, an emery 
grinder, emery cloth, a polishing machine, a 4-% solution 
of nitric acid in alcohol, a metallographic microscope, and 
forceps.

Assignment: To ascertain the effect of tempering tempe
rature on the microstructure and hardness of quenched car
bon steel.

Procedure: 1. Measure the hardness of specimens in 
the “as-received” (quenched) condition on the Rockwell 
tester.

2. Temper the specimens at 200°C, 400°C and 600°C 
(holding time, 20-30 min).

3. Smoothen the surface of the specimens with emery 
cloth and measure their hardness on the Rockwell tester. 
Enter the results in the form given below.

Steel
grade

Original
hardness,HRC

Tempering temperature, °C Hardness after tempering, HRC
Microstruc-turc

4. Prepare microscopic sections and examine them in 
the microscope.

5. Construct a plot of hardness as a function of temper
ing temperature.

6. Draw up a report. In the report, state brieflyTthe 
technique of theTexperiment, sketch the microstructures 
observed, and analyse the^results.

Laboratory Project No. 10

Determining the Effect 
of Heat Treatment on the Microstructure 

and Hardness of Cast Iron
10.1 Theory

Cast irons are iron-carbon alloys in which the carbon 
content is in excess of 2.14%. In cast irons, graphite may or 
may not he present. In the latter case the alloy is called 
white cast iron. In the'former case several varieties of cast
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iron exist. Graphitic cast 
irons are used on an especial
ly wide scale.

The properties of graphi
tic cast irons depend on the 
chemical composition of the 
iron, the quantity, form, mag
nitude and distribution of 
the graphite, and the struc
ture of the metallic matrix. 
The structure of the metallic 
matrix in turn depends on 
the percentage of combined 
carbon, Ccomb. The following 
cases may be defined in this 
respect.

(1) Cconib is anywhere 
between 0 and 0.03% — the 
metallic matrix has a ferri
tic structure (Fig. 10.1a).

(2) C comb is anywhere 
between 0.03% and 0.8% — 
the metallic matrix has a 
ferritic-pearlitic structure 
(Fig. 10.16).

(3) Ccomb is 0.8% —the 
metallic matrix has a pear- 
litic structure (Fig. 10.1c).

In cast iron, graphite may 
be present in the form of 
plates, flakes, or globules. Gra
phite plates are characteristic 
of gray cast iron (see Fig. 10.1). 
They may be looked upon as 
cracks which break up the con
tinuity of the metal. As gra
phite plates grow in size and 
are distributed less uniformly 
in the bulk, the tensile 
strength of the cast iron de
creases.

If gray iron castings are 
cooled very rapidly, there is no

Fig. 10.1 Microstructure of
gray cast iron, x 250:

(a) ferritic; (6) ferritic-pearlitic; (c) pearlitic
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time for graphitization to reach completion, so a surface 
zone of white iron is produced, backed by a core of gray

sium or cerium) into gray cast iron prior to casting. The 
graphite present in the product takes the form of spheres or 
nodules for which reason this variety is often called spheroid-

Fig. 10.3 Time chart for the annealing of white iron castings to malle
able iron

al graphitic iron or nodular iron (Fig. 10.2). The mechanical 
properties of ductile cast iron can be improved by quench 
hardening and tempering.

A still further variety of cast iron is malleable cast 
iron. It is produced from white cast iron by means of graphi- 
tizing annealing (Fig. 10.3). After full annealing, malleable

iron. This is known as 
chilling. The two zones are 
separated by a transition 
zone of mottled iron which
is a mixture of graphite, 
pearlite and ledeburite. 

ji§§ Chilled cast iron has a
l i p  high superficial hardness
1 for plate-rolling mills, 

wheels, and the like.
and goes to make rolls

There is a further va-

Fig. 10.2 Microstnicture of nodu
lar cast iron (graphite +  ferrite +  

+  pearlite), X250

riety of cast iron widely 
used in engineering. This
is ductile cast iron posses
sing a very high strength. 
It is produced by intro
ducing an inoculant (magne-

f s i  -  s t a g e  # 
g r a p h i  t i z a  t i  onT
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cast iron has a structure which is a mixture of graphite 
flakes and ferrite (Fig. 10.4a). Because of the large quantity 
of graphite present, malleable cast iron presents a velvety 
black fracture. If the second st̂ age of graphitization is not

Fig. 10.4 Microstructure of malleable cast iron, X250: 
(a) ferrite graphite flakes; (b) pearlite +  graphite flakes

carried out, malleable cast iron acquires a graphite +  pearlite 
structure (Fig. 10.46). It has a light-coloured fracture.

Cast irons are heat-treated to relieve stresses in castings, 
to avoid warpage and cracking, to remove the chilled skin 
in castings, to soften castings for better machinability, 
and to impart desired properties to the product.

It is advisable to apply heat treatment to cast irons in 
which the metallic matrix is in the pearlitic condition and 
the graphite is present in a favourable shape.

10.2 Experiment

Object: To learn how to evaluate the structure and pro
perties of cast iron after quench hardening and tempering.

Apparatus and material: Specimens of pearlitic ductile 
(nodular) cast iron, muffle furnaces, Brinell and Rockwell 
hardness testers, oil- and water-filled quenching tanks, an 
emery grinder, emery cloth, a polishing machine, a 4-% solu
tion of nitric acid in alcohol, a metallographic microscope, 
and forceps.
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Assignment: To ascertain the effect of quench hardening 
and tempering on the microstructure and hardness of pearli- 
tic cast iron.

Procedure: 1. Examine the microstructure of the speci
mens in the “as-cast” condition.

2. Measure the hardness (Rockwell “B” or Brinell) of 
the specimens in the “as-cast” condition.

3. Quench six specimens in water or oil from 860-880°C. 
The heating time should be chosen on the basis of 1.5-2 min 
per millimetre of the section.

4. Measure the hardness (Brinell or Rockwell “C”) after 
quenching.

5. Examine one specimen for microstructure after quench
ing. Etch the microsection with a 4-% solution of nitric acid 
in alcohol.

6. Temper one specimen each at 200°C, 300°C, 400°C, 
500°, and 600°C for 45-60 min.

7. Measure the hardness (Brinell or Rockwell “C”) of 
the specimens after tempering.

8. Examine the microstructure of the specimens after 
tempering at 600°C.

9. Enter the data thus obtained in the form given below, 
construct a plot of hardness as a function of tempering 
temperature and analyse the results.

Temperature, °C Quenchingmedium

Hardness
MicrostructureRockwell

“C” Brinell

“As-cast” condition 
860-880 

200 
300 
400 
500 
600
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Laboratory Project No. 11

Determining .the Effect 
of Induction Hardening 
on the Microstructure, 

Hardness and Hardness Penetration 
of 0 .45  % C Carbon Steel

11.1 Theory

Induction hardening is a surface-hardening process used 
in cases where it is desired to obtain high hardness at the 
surface and a tough core.

Superficial induction hardening offers a number of ad
vantages over the conventional hardening operation. The 
most important of them are as follows:

(1) high rate of operation;
(2) adaptability to completely automatic control;
(3) the possibility of integrating the hardening operation 

in a machining flow line;
(4) reduced warpage and distortion;
(5) nearly complete freedom from oxidation and decarbu

rization;
(6) improved fatigue strength (for parts operating under 

alternating loads) due to the residual compressive stresses 
arising in the superficially hardened layer (case);

(7) ease of control of the hardness penetration.
Also, induction hardening produces a more finely dis

persed martensitic structure as compared with the conven
tional method (Fig. 11.1).

By this method, the surface layer is rapidly heated to 
above the critical range and a nonuniform temperature 
distribution is produced in the bulk of the material (Fig. 
11.2). If the heating is now interrupted and the part is 
quenched, the layer heated to above the Ac3 point (zone I  
in Fig. 11.2) will receive full hardening; the layer heated 
to above Acl but below Ac3 (zone I I  in Fig. 11.2) will 
receive incomplete hardening; and the core (zone III) heated
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to below Aci will undergo no changes upon quenching. 
For this reason, this is often called selective surface harden
ing.

Fig. 11.1 Microstructure of 0.45% C steel, X500:
(a) quench hardened; (b) induction hardened (martensite as fine needles)

In induction hardening, the surface material is raised 
substantially higher than the Ae3 temperature, but no 
overheating occurs because the rate of heating is very high.

Direction of current

Fig. 11.2 Temperature dis- Fig. 11.3 Set-up for in-
tribution from surface into duction heating
bulk in the case of surface 

hardening

As a result of induction hardening, the microstructure of 
the surface material (zone I) consists of finely acicular 
martensite, the layer next to it (zone II) consists of marten-
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cite and ferrite, and the core of pearlite and ferrite (or 
sorbite).

In induction hardening, the part to be hardened, 7, is 
inserted within an induction coil, 2, wound with one or 
several turns of copper tubing of bar (Fig. 11.3). When the 
primary alternating current is turned on, an alternating 
magnetic field is set up, and its magnetic lines of force, 5, 
thread the part enclosed. This alternating field gives rise

mo 
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Rate of heating, deg. Cs~'

Fig. 11.4 Time chart for 
induction heating

Fig. 11.5 Induction hardening 
work diagram for 0.45% C steel:
I, 2, 4 — hardness 61-63 Rockwell “C”; 3 — hardness 64 Rockwell“C”

to eddy currents. The eddy currents mostly concentrate in 
the surface layer and heat it to a very high temperature 
whereas the core remains relatively cold.

Tlje depth to which the hardening effect extends is re
ferred to as hardness penetration. It depends on the fre
quency of the primary current, the resistivity of the metal, 
and its permeability.

As the temperature is raised, the hardness penetration 
increases until it reaches a maximum at a temperature above 
the Curie point (768°C) when the steel changes from the 
ferromagnetic to the paramagnetic condition. At tempera
tures below the Curie point, the rate of heating is faster 
than it is above the Curie point (Fig. 11.4). This slow-down 
in heating past the Curie point must be considered in speci
fying the heating conditions.

The results of induction heating (at a fixed frequency of 
the primary current) depend on the temperature and rate of 
heating within the critical (transformation) range. This is
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clear from the diagram of Fig. 11.5 plotted to determine 
the heating variables. The higher the rate of heating within 
the critical range, the higher the temperature from which 
quenching should be done in order to secure an optimal 
structure and a maximum hardness.

Following induction hardening, parts should be given 
low tempering at 160-200CC, because induction-hardened 
articles have a higher hardness than usual.

Induction heating can be done in any one of three ways:
(1) all of the surface to be hardened is heated and quenched;
(2) one area of the object to be hardened is heated then quench
ed at a time, then the operation is carried out on the next 
area, so that the various parts are heat-treated in succession;
(3) the object to be induction-hardened is rotated about its 
axis and moved (downward) relative to a stationary induc
tion coil and a water sprayer (which effects quenching). 
Sometimes, the coil and the sprayer can be> moved relative 
to the rotating workpiece.

11.2 Experiment

Object: To learn the arrangement and operation of an 
induction heating unit and how to use it.

Apparatus and material: An induction heating unit, 
cylindrical specimens of 0.45%-0.50% C steel, a Rockwell 
hardness tester, an emery grinder, emery cloth, a polishing 
machine, a 4-% solution of nitric acid in alcohol, and a 
metallographic microscope.

Assignment: To ascertain the effect of induction-harden
ing variables on the microstructure, hardness and hardness 
penetration of the steel.

Procedure: 1. Harden the cylindrical specimens of 0.45- 
0.50% C steel by induction heating; hold them on heat 
for 2, 4, 6, and 8 s.

2. Grind a flat on each specimen (with no more than 1 mm 
of stock removed) and measure the surface hardness on the 
“C” scale of the Rockwell tester.

3. Prepare a microsection and examine the microstructure 
of the hardened layer.

4. Draw up a report. In the report, construct a plot of 
hardness as a function of heating time, sketch the micro
structure observed, and analyse the results.
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Laboratory Project No. 12

Microscopic Examination 
and Measurement 

of the Hardness and Depth of Case 
of Carburized Steel

12.1 Theory

Carburizing is one of the processes by which the surface 
layer of a low-carbon steel is saturated with carbon to produce 
a very hard surface and a soft ductile core. The hard sur
face layer thus produced is known as the case. It improves 
the wear resistance and fatigue life of the articles.

The operation of carburizing consists of three steps as 
follows.

(1) Dissociation during which carbon monoxide molecu
les break up to form reactive carbon atoms.

(2) Adsorption during which carbon atoms concentrate 
on the surface of the steel article and form chemical bonds 
with the metal atoms.

(3) Diffusion during which carbon atoms travel deep 
into the bulk of the metal.

The depth of case depends on the heating temperature, 
the holding time at saturation, and the carbon concentra
tion at the surface.

Carburizing is applied to low-carbon articles (with not 
over 0.25% C) subjected to contact wear and alternating 
loads.

Carburizing is carried out at temperatures above the 
Acs point (900-950°C), the temperature being increased for 
the lower carbon content. The carbon content of the case is 
0.8-1.0%. An excess of carbon would promote the embrittle
ment of the case.

The carbon content of the case is not the same across its 
thickness (Fig. 12.1) —it decreases on moving away from 
the case towards the core. In fact, when a carburized article 
is cooled slowly, three distinct zones can be recognized in 
the case structure, namely a hypereutectoid zone made up of 
pearlite and secondary cementite, an eutectoid zone con-
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sisting of only pearlite, and a hypoeutectoid zone made up 
of pearlite and ferrite (Fig. 12.2).

The depth of case is taken as the sum of the hypereutec- 
toid, eutectoid and half the hypoeutectoid zone. For most 
steels the depth of case is 0.8-1.4 mm.

The material used to saturate the surface with carbon is 
called a carburizer. It may be solid, liquid or gaseous. In

Fig. 12.1 Variations in carbon concentration in the carburized case

the laboratory, a solid carburizer is most convenient. The 
method utilizing a solid carburizing agent is called pack 
carburizing.

In pack carburizing, the carburizing agent is activated 
charcoal (from oak or birch). To speed up the operation, it is 
usual to add some activator, such as barium carbonate 
(BaC03), soda ash (Na2C03), etc., in the amount of 10-40% 
(by weight) of the charcoal.

Frequently, use is made of a mixture of 25-35% fresh 
carburizer and 65-75% spent carburizer. The proportion 
of BaCOg is then reduced to 5-7%.

The article to be carburized is placed in an iron box 
which is then packed with a sufficient amount of carburizer 
and is tightly closed. The oxygen of the air present in the 
box reacts with the carbon of the carburizer to form carbon 
monoxide, CO. On coming in contact with the surface of 
the article, it dissociates according to the equation

2CO C02 +  Catom
The atomic carbon thus produced diffuses into the metal. 
The added carbonates speed up the process of carburizing as 
they give up a further amount of carbon monoxide.

The time during which the article should be held in 
a furnace at the carburizing temperature depends on the 
depth of case desired. In practice, the holding time is chosen 
such that the case will grow at the rate of 0.1 mm h"1.
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The temperature for carburizing may be raised to as high 
as 1000-1100°C, as it will accelerate the process, but this 
procedure may only be ap
plied to steels with a heredi- • 
tary fine grained structure.

At the end of the operation, 
the carburizing box is allow
ed to cool in air and is then 
taken apart.

Carburized parts are then 
normalized to refine the grain, 
re-hardened, and given a low 
temper. This form of heat 
treatment produces a case 
which contains temper mar
tensite and inclusions of ex
cess carbides. The hardness of 
the case is 60-63 Rockwell 
“C”.

12.2 Experiment

Object: To learn how to 
carry out the microscopic ana
lysis of carburized and heat- 
treated specimens.

Apparatus and material:
Specimens of 0.10-0.20% C 
steel, a metal box, a solid 
carburizing agent, a muffle 
furnace, water- or oil-filled 
quenching tanks, an emery 
grinder, emery cloth, a polish
ing machine, a 4-% solution 
of nitric acid in alcohol, a 
Rockwell hardness tester, a 
metallographic microscope, 
and forceps.

Assignment: To ascertain 
the microstructure, hardness and depth of case of carbu
rized steel.

Procedure: 1. Fill the metal box with an amount of 
carburizing agent sufficient to form a bed 3-4 cm deep, place

Fig. 12.2 Microstructure of the 
carburized case after slow 

cooling, X 400:
(a) pearlite -f- network of secondary martensite; (b) pearlite + ferrite network; (c) ferrite -f pearlite
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three specimens each measuring 10 X 10 X 60 mm, pack 
them with more carburizing agent until the box is filled full, 
and put down the lid.

2. Place the box in the furnace held at 1050-1100°C, 
heat and hold it at that temperature for 20 min.

3. Remove the box from the furnace, lift off the lid, 
take out two specimens and quench them in water or oil, 
and allow the third to cool with the box.

4. Measure the hardness of the carburized specimens on 
the Rockwell tester.

5. Cut one carburized specimen, prepare a microsection, 
etch it with a 4-% solution of nitric acid in alcohol, and 
examine the microstructure in the microscope.

6. Temper a second specimen at 180-20G°C for 1-1.5 h 
and measure its hardness on the Rockwell tester.

7. Cut the specimen allowed to cool with the box, and 
prepare a microsection. Etch it with a 4-% solution of nitric 
acid in alcohol and examine the microstructure.

8. Enter the results in the form given below.

Specimen No. Carburizing
conditions

Postheat
treatmentconditions

HRC
Microstructure Case

depth,mmcore case

9. Draw up a report. In the report, briefly state the 
technique used, sketch the microstructure observed, and 
analyse the results.

Laboratory Project No. 13

Microscopic Examination 
and Determination of the Depth 

of Case in Nitrided Steel
13.1 Theory

Nitriding is a surface-hardening (or surface-impregnation) 
process by which nitrogen is made to impregnate the outer 
surface of steel parts in order to give an extremely hard,
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wear-resisting case. The treatment consists in heating the 
article to a temperature of 480-650cC inside a chamber 
through which a controlled stream of ammonia gas is passed. 
At that temperature, the ammonia dissociates with the for
mation of atomic nitrogen •

2NH3 2N +  3H2

which diffuses into the outer surface of the workpiece.
Nitriding is applied to medium-carbon alloy steels con

taining aluminium, chromium, molybdenum, and vana
dium.

During the treatment, the nitrogen reacts with the 
alloying elements to form stable nitrides which impart an 
extremely high hardness to the case. The hardness of the 
nitrided case is 11 000-12 000 MPa (Vickers).

The steel to be nitrided is usually heat-treated before 
machining, rough-machined, given a heat-treatment (quench 
hardening and high temper) at the nitriding temperature in 
order to produce whatever slight distortion is likely to 
occur, then the part is finish-machined and nitrided.

The areas not to be nitrided are given a thin coat (0.01- 
0.015 mm) of tin applied by electroplating, or a coat of 
soluble glass. During the nitriding treatment, the tin melts 
and is retained on the surface of the part by surface tension 
as a thin film which shuts out nitrogen. The duration of the 
treatment depends on the depth of case desired. As is seen 
from Fig. 13.1&, the higher nitriding temperature calls for 
a shorter duration in order to produce the same depth of 
ease. The higher temperatures, however, bring down the 
hardness of the nitrided case (see Fig. 13.1a).

Ordinarily, the nitriding process is conducted at 500- 
520CC. This produces a case up to 0.5 mm deep in 24-40 h. 
The treatment can be speeded up by using a two-step cycle 
(Fig. 13.2). During the first step, the work is nitrided at 
500-520°C; during the second, the temperature is raised to 
580-600°C. In this way, the total time is cut down by a factor 
of 1.5-2, while retaining the high hardness in the case. For 
Cr-Mo steels (with 0.38% C, 1% Cr, 0.5% Mo, and 1% Al), 
the second step is carried out at 540-560°C. After the treat
ment is complete, the work is cooled with the furnace in 
a stream of ammonia.

Nitriding changes the dimensions of the workpiece owing 
to the increase in the volume of the outer surface. This change
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in dimensions increases with rising temperature of the 
treatment and increasing depth of case.

An alternative to gas nitriding is liquid nitriding. The 
treatment is conducted in a molten cyanide bath at 570°C.

D u ra tio n  
o f  n itr id in g  t h

(a) (b)
Fig. 13.1 Effect of temperature and duration of nitriding on (a) hard

ness and (b) depth of case

During the operation, a stream of dry and pure air is blown 
over the bath in order to provide for the transformation of 
the potassium cyanide (KCN) into potassium cyanate 
(KCNO) which serves as the source of atomic nitrogen.

A uniform depth of case of 0.10-0.20 mm is obtained in 
1.5-3 h. Since the process goes on in the absence of hydrogen, 
the toughness of the case is improved.

The required time can be markedly cut down by carrying 
out the nitriding process in a glow discharge (ion nitriding). 
The nitriding agent may be ammonium or pure nitrogen.
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The workpiece is set up as cathode and the tank (or cell) as 
anode, and a glow discharge is excited between them. The 
discharge ionizes the nitriding 
gas, the ions strike the cat
hode, and its surface is raised 
to the saturation tempera
ture. This treatment is car
ried out at a temperature of 
470-580°C, a pressure of 130- 
1300 Pa in the furnace cham
ber, and a voltage of 400-1100 
V. The duration of the process 
is from a few minutes to 
24 h.

The nitrided case consists 
of two zones (Fig. 13.3). The 
outer zone is the e-phase, called 
the white layer (0.01-0.03 mm).
It is high in nitrogen, nonetch
ing, and corrosion-resistant 
in a wet atmosphere and si
milar media. The inner zone, 
dark in colour, is a nitride eu- 
tectoid—a mixture of nitrogen 
ferrite, carbon nitrides, and 
other nitrides. The core of the 
article is produced by tempering and consists of temper sor
bite. If the e-phase (the white layer) is too thick (more than 
0.03 mm), it will cause embrittlement, so this is an undesir
able occurrence.

If the sole object of the treatment is to enhance corrosion 
resistance, the nitriding temperature is raised to 650-700°C 
and the duration of the treatment is cut down to 0.25-10 h.

13.2 Experiment

Object: To learn how to carry out microscopic examina
tion of the nitrided case.

Apparatus and material: A collection of nitrided speci
mens of 0.40% C steel, 0.40% C-1% Cr steel, and 0.38% C- 
1% Cr-0.5% Mo-1% A1 quality steel, a Vickers hardness 
tester, an emery grinder, emery cloth, a 4-% solution of 
nitric acid in alcohol, a metallographic microscope, and 
a micrometer ocular.
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Assignment: To ascertain the microstructure of the nitrid- 
ed case and to measure the depth of case.

Procedure: 1. Get the steel specimens listed above, and 
measure their superficial hardness on the Vickers tester.

2. Make a microsection on one of the specimens and etch 
it with a 4-% solution of nitric acid in alcohol.

3. Examine the microstructure of the etched section in 
the microscope at a magnification of 200-450 diameters.

4. Determine the case depth with the micrometer ocular.
5. Draw up a report. In the report, sketch the micro

structure observed, enter data on the hardness and case 
depth, and analyse the results.

Laboratory Project No. 14

Determining the Effect 
of Heat Treatment on the Microstructure 
and Hardness of Structural Alloy Steel

14.1 Theory

Structural steels are widely used in mechanical engineer
ing to make machine parts and structures.

The carbon content of structural steels is not over 0.5- 
0.6%. A structural steel is expected to have a high strength, 
ductility and toughness along with good machineability and 
formability.

Structural alloy steels with a carbon content of 0.3-0.5% 
are usually subjected to two forms of heat treatment—an
nealing and quench hardening followed by high temper.

The annealing of an alloy steel to the complete trans
formation of the austenite into a ferrite-cementite mixture 
calls for a very low rate of cooling, especially in the pearlitic 
range (700-500°C).

It is more attractive in terms of output and quality to 
subject alloy steels to isothermal annealing at 600-650°C 
(Fig. 14.1). When the holding time is long enough, this 
constant-temperature treatment will cause all of the austenite
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to transform into a ferrite-cementite mixture (Pig. 14.2). 
If, on the other hand, the holding time is not long enough, 
some of the austenite will fail to change into a ferrite-cemen* 
tite mixture. The subsequent # 
cooling will then be accompa
nied by the transformation of 
this retained austenite into 
troostite or martensite. As a 
result, the steel will have an 
increased hardness.

Isothermal annealing cuts 
down the required time to 
a half or even a third of that 
involved in the conventional 
annealing.

Heating for hardening in 
the case of structural alloy 
steels involves higher tempe
ratures than is the case with 
plain carbon steels. This is 
necessary in order to assure 
a more complete dissolution of 
the carbides in the austenite 
and also because the carbide-forming alloying elements raise 
the Ac3 temperature.

Alloy steels have a low critical quenching rate and, as 
a consequence, a higher hardenability and smaller deforma
tion than plain carbon steels. Quenching is done in oil.

Fig. 14.2 Microstructure of steel after isothermal annealing, X1000: 
(a) laminated pearlite; (b) spheroid pearlite

t;c
800

Austenite — ferrite
usTernFe 

. .pearlite

Fig.* 14.1 Time chart for the 
isothermal annealing of alloy 

steel

In the case of small cross sections, alloy structural steels 
do not differ in mechanical properties from plain carbon 
steels. In the case of large cross sections, however, they out
perform plain carbon steels in that respect (Fig. 14.3).
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To secure the desired hardness, structural alloy steels 
are tempered at a higher temperature than plain carbon
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Fig. 14.3 Effect of tempering temperature and article diameter on the 
mechanical properties of steels:
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steels are. As a result, thermal stresses are removed more 
completely and a better combination of strength and tough-
76



ness is obtained. In tempering, however, it is important to 
remember that temper brittleness may develop in structural 
alloy steels in the temperature range 250-350°C and also 
when they are cooled slowly in the range 450-550°C 
(Fig. 14.4).

The temper brittleness occurring in the range 250-350°C 
(temper brittleness of the 1st kind) does not depend on the

Fig. 14.4 Effect of tempering temperature on the impact toughness of
steel:

I — zone of irreversible temper brittleness;
II — zone of reversible temper brittleness

rate of cooling and is brought about by the transformation 
of the retained austenite into martensite and the nonuniform 
transformation of the martensite in the course of tempering.

The temper brittleness occurring in the range 450-550°C 
(temper brittleness of the 2nd kind) occurs most frequently 
in chromium-alloyed steels, and is reversible. It is brought 
about by the rejection of carbides to the grain boundaries 
and enrichment of the grain boundaries with phosphorus.

It can be suppressed by rapid cooling or by additionally 
alloying the steel with 0.5% molybdenum or tungsten which 
hold back the rejection of carbides to grain boundaries and 
enrichment with phosphorus. When added in an amount 
exceeding 0.5%, their effect is cancelled as they form their 
own carbides.
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14.2 Experiment

Object: To learn how to carry out microscopic examina
tion of structural alloy steel after heat treatment.

Apparatus and material: Specimens of 0.38% C-1% Cr 
steel, 0.40% C-1% Cr steel, or 0.40% C-1% Cr-1% Ni steel, 
a Rockwell hardness tester, muffle furnaces, oil-filled quench
ing tanks, an emery grinder, emery cloth, a polishing machine, 
a4-% solution of nitric acid in alcohol, a metallographic 
microscope, and forceps.

Assignment: To ascertain the effect of quench hardening 
and tempering on the microstructure and hardness of structu
ral alloy steel.

Procedure: 1. Work the specimens of the above listed 
steels to a diameter of 12-15 mm and a thickness of 20- 
25 mm, and measure the hardness of one or two specimens 
in the “as-received” condition on the Rockwell tester.

2. Heat the specimens to 840-860°C in the furnace for 
25-30 min, and quench them in oil.

3. Smoothen the quenched specimens with emery cloth 
and measure their hardness on the Rockwell tester.

4. Prepare a microscopic section on one of the quenched 
specimens, and etch it with a 4-% solution of nitric acid 
in alcohol.

5. Temper the remaining specimens at temperatures 
from 200°C to 600°C in steps of 100°C. The heating and hold
ing time in tempering should be anywhere between 45 and 
60 min. Cool the specimens in air.

6. Smoothen the tempered specimens with emery cloth 
and measure their hardness on the Rockwell tester. Enter 
the results in the form given below.

Treatment Rockwell “C” Microstructure

As-received 
Hardening 
Tempering at: 

200°C 
300°C 
400°C 
500°C 
600°C
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7. Prepare microscopic sections on the specimens tem
pered at 200°C, 400°C and 600°C, etch them with a 4-% 
solution of nitric acid in alcohol, and "examine their micro- 
structure under the microscope.

8. Draw up a report. In the report, briefly describe the 
techniques used, sketch the microstructures observed, plot 
the tabulated data to obtain hardness-vs-temperature curves, 
and analyse the results.

Laboratory Project No. 15

Microscopic Examination 
of Tool Steels

15.1 Theory

Tool steels are carbon and alloy steels having high hard
ness, strength and wear resistance.

Tool steels may be classed according to the resistance to 
softening at elevated temperatures and according to their 
uses.

The resistance to softening at elevated temperatures 
refers to their ability to retain hardness and wear resistance 
when hot. It is affected by the stability of the metallic 
matrix (solid solution) towards transformation on heating, 
that is, its composition; the nature and particle size of the 
carbides and intermetallic compounds rejected from solid 
solution and their resistance towards coagulation; and the 
alpha-to-gamma-to-alpha transformation temperature in cases 
where they are heated to over 600-650°C.

In this respect, tool steels are classed into low-resistant, 
medium-resistant, and high-resistant to heat softening.

Steels with low resistance to softening at elevated temper
atures acquire a high hardness as a result of martensitic 
transformation upon quenching. However, they do not 
possess sufficient wear resistance and stability against 
softening in service. When a tool made of such steel is heat
ed to over 200-300°C, its martensite is completely transform
ed, and a marked proportion of the resultant cementite
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coagulates. In composition, these are carbon and low-alloy 
steels. The microstructure of some of the steels in this group 
in the annealed condition is shown in Fig. 15.1.

Fig. 15.1 Microstructure of annealed steels, X500:
(a) 1.2% C, spheroid pearlite; (b) l%C-1.5%Cr, spheroid pearlite

Steels with medium resistance to heat softening, too, 
acquire high hardness and strength through the martensitic 
transformation on quenching. However, they retain high

Fig. 15.2 Microstructure of tempered steels, X500;
(a) 0.5%C-1 %Cr-l%Ni-0.6%W (sorbitized pearlite); (b) 1.1 %C-12%Cr-l %V

(sorbite +  carbides)
hardness up to 450-500°C because their solid solution is 
more stable towards softening in service and the rejection 
of the alloyed cementite and special carbides. These are 
steels with 0.5-0.6% carbon and 3-8% chromium. The micro-
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structure of some of these steels after annealing is shown in 
Fig. 15.2.

Steels with high resistance to softening acquire high 
hardness, strength and wear resistance through the marten
sitic transformation on quenching. These steels retain high 
hardness up to 600-650°C, because their solid solution resists

Fig. 15.3 Microstructure of annealed steels, X500:
(a) 0.81 %C-9%W-4%Cr-l %V steels (sorbitized pearlite + carbides);

(b) 0.4%C-5%Cr-2%W-l %V-1 %Si steel (sorbitized pearlite +  carbides)

transformation and also because a marked role is played by 
precipitation hardening processes owing to which special 
carbides and intermetallics are rejected from the solid solu
tion. The carbides and intermetallics are rejected and coagu
late at 500-700°C. This group includes high-alloy steels, 
such as those containing 0.4-0.8% C, 2-18% W, 2-5% Cr 
and 3-5% Mo. Their microstructure after annealing is 
shown in Fig. 15.3.

According to uses, tool steels are classed into cutting- 
tool steels, cold-work tool steels, hot-work tool steels, 
casting-die steels, and measuring-tool and precision-work 
steels.

The group of cutting-tool steels includes those which go to 
make metal- and wood-working tools and also tools to work 
other soft metals. Steels for metal-cutting tools are expected 
to have high hardness, satisfactory resistance to heat soften
ing, high strength, and resistance to small plastic deforma
tion. In this group, use is most widely made of high-speed 
steels. Their choice depends on the properties of the mater-
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ial(s) to be machined, operating conditions, and cutting 
practice. Tools for soft materials are made of carbon and 
low-alloy steels.

Cold-work steels have high hardness, improved tough
ness, good resistance to heat softening, and improved resist
ance to plastic deformation. This group includes carbon, 
low- and high-alloy steels.

Hot-work steels have high strength, resistance to heat 
softening, impact toughness, wear resistance, resistance to 
scale formation, hardenability, and erosion resistance. Hot- 
work steels are mostly tungsten chromium and molybdenum 
base alloys.

Mould steels are the same as hot-work (die) steels because 
the operating conditions are about the same. It is important, 
however, to consider the likely reaction of the mould mate
rial with the metal being cast. Compression moulds for 
plastics are fabricated from low-alloy and high-chromium 
steels.

Measuring-tool and precision-work steels have high wear 
resistance, dimensional stability and freedom from any 
distortion over a long time. The steels used for the purpose 
may differ in their resistance to heat softening depending 
on the expected use of the measuring tool.

15.2 Experiment

Object: To learn how to carry out microscopic examina
tion of tool steel specimens and to ascertain the typical 
structures produced by annealing.

Apparatus and material: Specimens of various tools steels 
in the annealed condition, and a metallographic microscope.

Assignment: To ascertain the microstructure of tool 
steels.

Procedure: 1. Get microscopic sections of tool steels 
(1%C, l%C-1.5%Cr, 0.4%C-5%Cr-2%W-l°/oV-l%Si, 0.8- 
0.9 % C-6 % W-5 %Mo-4 %Cr-l % V).

2. Examine the sections under the microscope, sketch 
the microstructures observed, and name their constituents.

3. Draw up a report. In the report, state the effect of 
alloying elements on the quantity and character of the 
carbide phase on the basis of the microscopic examination, 
and indicate the application of each grade of steel in general 
terms.
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Laboratory Project No. 16

Determining the Effect 
of Heat Treatment on the Microstructure 

and Hardness of High-Speed Steel

16.1 Theory

High-speed steels fall in the class of ledeburitic steels. 
In the cast condition, their structure includes a ledeburite 
eutectic (Fig. 16.1a).

Fig. 16.1 Microstructure of high-speed steel, X200:
(a) ledeburite eutectic; (b) annealed; (c) quench hardened; (b) tempered at 500°C

To break up the ledeburite, ingots of high-speed steel are 
forged at 900-1150°C, following which they are subjected to 
isothermal annealing in the following manner: holding at 
880°C to achieve complete soaking, cooling to 720-740°C



(which is the temperature of the minimum stability of 
austenite), holding for 3-6 h, cooling in the furnace to 400- 
450°C, and final cooling in air. The annealing treatment 
produces a fine-grained (sorbitized) pearlite and excess 
carbides (Fig. 16.16). The Brinell hardness of an annealed 
high-speed steel is 2000-2500 MPa.

High-speed steel is heated for hardening to a temperature 
400-450°C above the critical point in order to bring into 
solid solution as much of the carbon, vanadium, tungsten 
and molybdenum as possible (Fig. 16.2). When it is heated 
for hardening at an ordinary temperature (which is 40-50°G 
above the critical point), only eutectoid carbides of the 
cementite type change to austenite, whereas the excess 
carbides do not dissolve. Because of this, too little carbon 
(around 0.2%) is present in solid solution, and the resultant 
steel has a lowered hardness and a lower resistance to heat 
softening. An excessive holding time at the hardening tem
perature, like an increase in heating temperature, results in 
overheating.

High-speed steel has a low thermal conductivity, so it 
soaks slowly when heated for hardening. To avoid prohibitive 
thermal stresses, it is usual, therefore, to carry out heat
ing with one or two preheats. The first preheat (500°C) is 
used for substantial articles and for tools of complicated 
shape or configuration. The second preheat is carried out at 
840-860°C in manual operation, and to 1050-1100°C when 
automatically controlled equipment is used. Preheat to 
840-860°C is carried out in a salt bath composed of 78% 
BaCl2 and 22% NaCl, and preheat to 1050-1100°C, in a BaCl2 
bath.

The use of molten barium chloride for the second pre
heat arises from the need to avoid bringing any sodium 
chloride into the final heating bath, as it would cause heavy 
fuming and interfere with the proper measurement and 
control of the temperature. The high temperature of the 
second preheat permits a reduction in the holding time which 
may be taken equal to that during the final heating.

Final heating to 1200-1260°C is carried out in a 100-% 
barium chloride bath to which an amount of 75-85% ferro- 
silicium, borax and magnesium fluoride is added to minimize 
the oxidation and decarburization of the steel. The duration 
of final heating is chosen according to the temperature from 
which the article is to be quenched and the size of the tool. 
When an article is heated in a substantial jig or fixture, the
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holding time may have to be increased hy as much as 20 
to 30%.

Tools made from high-speed steels can best be quenched 
in molten salts—this minimizes the distortion of the tool, 
avoids quenching cracks, and precludes superficial erosion.

When the hardening operation is carried out by an auto
matically controlled equipment, the preferable quenching

Quenching temperature, °C
100 200 300 m  500 600 

Heating temperature, QC

Fig. 16.2 Alloying of austeni
te in high-speed steel as a func
tion of hardening temperature

Fig. 16.3 Effect of heating for 
tempering on the hardness of 

quenched steel

media are mixtures of molten salts (such as 50% BaCl2, 
25% NaCl and 25% KC1 or 48% BaCl2, 22% NaCl, and 
30% KC1) held at 600-675°C. It is extremely important to 
maintain this temperature range in order to avoid an im- 
parment in hardness and resistance to heat softening. Alter
natively, use may be made of molten caustic soda (NaOH) 
or of its mixtures with niter (potassium nitrate) at 400- 
550°C.

Final quenching must be done in air or in oil.
After quenching, the structure of a high-speed steel 

contains quench martensite, eutectic carbides and retained 
austenite in the amount of 30-40% (see Fig. 16.1c). The 
retained austenite reduces the hardness of the steel and 
makes its structure unstable.

In the course of tempering (Fig. 16.3), the hardness of 
high-speed steel goes down by 2-3 Rockwell “C” as it is heat
ed to 350-400°C, but goes up as the temperature is further 
raised to 550-560°C.

To transform the retained austenite into martensite, the 
article should be given a triple tempering treatment by 
heating it to 560°C and holding it at that temperature for
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one hour each time. Instead, a double tempering treatment 
may be used, with heating to 600°C and holding for 10-15 min 
each time.

During the holding time of the tempering treatment, 
the retained austenite and, partly, martensite reject highly 
dispersed carbides of the alloying elements, and the subse
quent cooling causes the austenite to change into martensite. 
Because of this, the hardness of tools from high-speed steel 
is raised to 64-65 Rockwell UC”. Heating for tempering can 
be done in a molten bath of caustic soda, niter, or their 
mixture.

After quench hardening and triple tempering, the micro
structure of high-speed steel consists of high-alloy martensite, 
carbides and traces of retained austenite (3-5%) (see 
Fig. 16.Id). This structure is responsible for the high resist
ance of high-speed steels to softening at elevated tempera
tures.

Cooling after tempering should be done in air or in oil.

16.2 Experiment

Object: To learn how to carry out microscopic examina
tion of high-speed steels after heat treatment.

Apparatus and material: Specimens of high-speed steel, 
a Brinell and a Rockwell hardness tester, a salt bath or a 
silicon-carbide resistor furnace, an oil-filled quenching tank, 
emery cloth, a polishing machine, a metallographic micro
scope, and forceps.

Assignment: To ascertain the effect of heat treatment on 
the hardness and microstructure of high-speed steel.

Procedure: 1. Determine the hardness of the specimens 
in the “as-received” condition on the Brinell or Rockwell 
tester.

2. Prepare a section on one of the specimens for micro
scopic examination. Etch the section surface with a 4-% 
solution of nitric or picric acid in alcohol.

3. Reheat the specimens to 800°C and hold for 30 min, 
then heat them to the hardening temperature at the rate 
specified earlier.

4. Quench the specimens in oil.
5. Smoothen the end faces of the quenched specimens 

first on an emery grinder, then with emery cloth, and measure 
the hardness of all the specimens on the Rockwell tester.
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6. Prepare a microscopic section on one of the specimens, 
and etch the section surface with a 4-% solution of nitric 
or picric acid in alcohol.

7. Temper the remaining specimens at 200°C, 300°C, 
400°C, 500°C, 550°C, and 600°C. Hold each for at least 1 hour 
in the furnace.

8. Smoothen the end faces of the tempered specimens 
with emery cloth and measure their hardness with the Rock
well tester.

9. Prepare a microscopic section on one of the specimens 
and examine the microstructure.

10. Draw up a report. In the report, include the table 
given below, briefly state the techniques used, sketch the 
microstructures observed, construct a plot of hardness as 
a function of tempering temperature, and analyse the results.
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Laboratory Project No. 17

Microscopic Examination 
of Heat-Resistant, Stainless 

and High-Temperature Steels and Alloys

17.1 Theory

When exposed to environmental factors, metals expe
rience a degradation known as corrosion. It may be due to 
chemical and electrochemical action. Chemical corrosion is 
an outcome of attack of a metal by gases and nonelectrolytes. 
Electrochemical corrosion stems from the reactions of a met
al with electrolytes, such as acids, alkalis and salts. At
mospheric and soil corrosion also falls in the class of electro
chemical corrosion. There is also stress corrosion which 
occurs due to the cooperative action of mechanical stress 
and a chemical reaction.

Steels which resist chemical corrosion, or scaling, at 
elevated temperatures (around 550°C) are called high-tem
perature corrosion-resistant, or simply heat-resistant.

Steels which resist electrochemical corrosion are called 
stainless.

The corrosion resistance of a steel can be improved by 
alloying it with elements which produce a protective surface 
film strongly bonded to the base metal and eliminate direct 
contact between the metal and its environment.

Also, a steel acquires a high resistance towards electro
chemical corrosion if it has a one-phase structure—the pre
sence of several phases differing in electrochemical potential 
promotes the formation of microscopic galvanic cells.

Heat-resistant and stainless steels are mainly alloyed 
with chromium. Figure 17.1 illustrates variations in the 
electrochemical potential of chromium steels with changes 
in their chromium content. Steels containing less than 12% 
Cr have a low electrochemical potential and corrode heavily. 
Steels with more than 12-14% Cr have a positive electroche
mical potential and are highly resistant to corrosion.

Stainless steels may be classed into two broad groups: 
chromium steels and chromium-nickel steels. Chromium 
steels may be ferritic (0.12%C-17%Cr and 0.15%C-28%Cr)
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find martensitic (0.30%C-13%Cr and 0.40%C-13%Cr). Mar
tensitic stainless steels have a higher strength but are less 
corrosion-resistant.

The best combination of strength and corrosion resistance 
is found in austenitic Cr-Ni steelS. Austenitic stainless steels
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Fig. 17.1 Electrochemical potential of chromium steels as a function 
of chromium content

with 18%Cr and 9%Ni are especially widely used in engineer
ing. A typical example of Soviet-made steels in this group 
is 0.12%C-18%Cr-9%Ni steel. In the annealed condition, 
its structure is a combination of austenite and carbides ans
wering the general formula Me23C6. The steel is quenched 
from 1050-1150°C in water. Heating to such a high tempera
ture causes the carbides to dissolve in the austenite, and 
the rapid cooling (quenching) retains the austenitic structure.

Stainless steels tend to suffer from intergranular corro
sion, that is, corrosion which occurs along grain boundaries. 
In the annealed 0.12%C-18%Cr-9%Ni steel, this event 
occurs on heating in the temperature range 500-700°. At 
these temperatures, the chromium carbides Cr7C3 and Cr23Ce 
are rejected to grain boundaries from solid solution. As a re
sult, the steel is embrittled and the chromium content of 
the boundary regions drops to below 12%. Rejection of chro
mium from solid solution sharply reduces the corrosion re
sistance of the steel. Also, the carbides which appear as 
a second phase lead to the formation of microscopic galvanic 
cells—a fact which promotes electrochemical corrosion 
(Fig. 17.2).

A steel affected by intergranular corrosion will not 
produce a metallic sound when struck, and will readily break 
along the grain boundaries when bent.

The susceptibility to intergranular corrosion can be 
mitigated by reducing the carbon content to 0.04% or even 
less and by adding titanium and niobium which are strong
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carbide-forming elements. In the course of solidification, 
these elements react with the carbon to form refractory 
carbides (TiC and NbC) which will not dissolve in the auste-

Fig. 17.2 Microstructure of 0.12%C-18%C-9%Ni steel, X250 (cor
rosion at grain boundaries appears dark)

nite on heating for hardening. In this way, the formation of 
chromium carbides is avoided and any reduction in the

Fig. 17.3 Microstructure of 0.12%C-18%Cr-9%Ni-0.6%Ti steel

chromium content is prevented. Intergranular corrosion is all 
but prevented in 0.12%C-18%Cr-9%Ni-0.6%Ti steel (Fig. 
17.3).
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In austenitic steels, the formation of microscopic galvan
ic cells by titanium or niobium carbides lias a negligible 
effect on corrosion resistance.

Some alloys display both high resistance to corrosion 
and high strength at elevated temperatures (upwards of 
550CC). Quite aptly, they are called high-temperature 
alloys, or heat-resistant superalloys. Mechanically, high- 
temperature alloys are characterized in terms of the creep 
limit (or time yield stress) and stress-rupture strength.

The creep limit is defined as the stress which results in 
a specified permanent set or a specified rate of creep in 
a specified time at constant temperature. For example,

^o!5 / 1  oo =  250 MPa
designates, the creep limit obtained at a temperature of 
700°C over\^ period of 100 h so that the permanent set is 
0.5% of the gauge length and the rate of creep is 0.5/100.

In order to determine the creep limit, a specimen is 
subjected to a constant tensile stress over a long time at 
constant temperature until the specified permanent set is 
obtained.

The stress-rupture strength is defined as the maximum 
stress required to cause the rupture of the material when 
maintained over a specified span of time at constant tem
perature. For example,

Oiooo =  300 MPa
indicates that the stress-rupture test has been carried out 
at a temperature of 700°G over a time of 1000 h.

The high-temperature performance of superalloys dep
ends on their composition, structure, and thermal endurance. 
Therefore, they are manufactured subject to a number of 
well-defined requirements which may be stated as follows.

(1) A superalloy must have a refractory base because
Tr =  oT f

where Tr is the temperature of recrystallization, K; Tf is 
the fusion (or melting) point, K; and a is a coefficient.

(2) A superalloy must have a heterogeneous structure 
composed of a solid solution and finely dispersed segregates 
of the strengthening phases. The principal constituent must 
be the solid solution because a =  0.1-0.2 for high-purity 
metals, a =  0.3-0.4 for commercially pure metals, and a =
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— 0.5-0.6 for solid solutions. A heterogeneous structure is 
produced by quench hardening and ageing.

(3) A superalloy must have a coarse grain with ragged 
boundaries because at elevated temperatures plastic defor
mation primarily occurs at grain boundaries.

(4) The constituents of a superalloy (solid solutions and 
intermetallics) must have a high stability. This is secured 
by using a complex of alloying elements.

Machine components with the service temperature not 
exceeding 750-800°C are made of Ni-base alloys, known as

Fig. 17.4 Microstructure of a Ni-base alloy (Cr, « 20%; Ni, « 77%; 
Ti, » 2.5%, Al, « 0.5%; B, « 0.01%) after quench hardening and

ageing, X 250

Nimonic alloys outside the USSR. A Soviet-made example 
is the 20 % Cr-77 % Ni-2.5 %Ti-0.5 % Al-0.01 %B alloy. The 
heat-treatment practice for this alloy includes quenching 
in air from 1050-1100°C and ageing for 16 h at 750°C. After 
quenching, the structure of the alloy is a supersaturated 
solid solution of all alloying elements in nickel. As a result 
of the subsequent ageing, the solid solution rejects the 
disperse intermetallics Ni3 (Ti, Al) (Fig. 17.4).

The high-temperature performance of some Ni-base al
loys is further enhanced by adding an amount of molybde
num.
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17.2 Experiment

Object: To learn how to carry out microscopic examina
tion of stainless and high-tenjperature steels and alloys.

Apparatus and material: A metallographic microscope, 
a collection of microscopic sections of stainless steels and 
high-temperature alloys.

Assignment: To ascertain the microstructure of stainless 
steel and high-temperature alloys.

Procedure: 1. Get microscopic sections of stainless steels 
and a high-temperature alloy.

2. Examine the sections under the microscope, sketch 
the microstructure!^ observed, and identify the constituents.

3. Draw up a report. In the report, analyse the data 
and draw the conclusion about the effect of titanium on 
intergranular corrosion.

Laboratory Project No. 18

Microscopic Examination 
of Nonferrous Alloys

18.1 Theory

Copper and its alloys. Pure copper has high ductility, 
thermal and electric conductivity. Its density is 8.9 g cm-3, 
and its fusion point is 1083°C.

Copper is the base of two groups of alloys, brasses and 
bronzes.

A brass is an alloy of copper and zinc. Depending on the 
percentage of zinc present, there may be single-phase (or 
alpha) brasses and two-phase (alpha +  beta) brasses. In 
the former, the zinc content is under 39%, and in the latter, 
over 39%.

Single-phase (high) brasses are more ductile than two- 
phase (low) brasses, but they have a lower strength (Fig. 
18.1). In practice, the maximum zinc content of brasses 
is not over 45%, as any further increase in zinc content 
brings about a sharp decrease in strength.

High brasses are especially suitable for cold-rolling and 
drawing. Cold working raises the strength of high brasses,
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but brings down their ductility. The effect of cold working 
can be cancelled by recrystallization annealing at 500-700°C.

Low brasses are suitable 
for hot rolling, that is, to 
working at temperatures 
above 500°C.

Apart from simple brass
es, there are special-pur
pose (complex) brasses to 
which various elements 
are added in order to se
cure a desired property 
or quality.

High brasses have a 
polyhedral microstructure 
with the presence of twin 
crystals (Fig. 18.2). Low 
brasses have, as already 
noted, a two-phase mi
crostructure (Fig. 18.3). 

Under a microscope, the alpha phase appears as light-colour
ed (or white) grains, and the beta-phase, as dark grains.

A bronze is an alloy composed mainly of copper and tin 
in variable proportions, and sometimes containing small

Fig. 18.1 Effect of zinc content 
on the properties of brasses a* — 
— ultimate tensile strength; 6 — 

elongation

Fig. 18.2 Microstructure of high (alpha) brass, X 250

percentages of zinc, silicon, aluminium, and some other 
elements.

Bronzes with up to 20% tin show good chemical stabili
ty, antifriction and casting properties. In practice, the 
tin content is anywhere between 10% and 12%. Bronzes 
with a higher percentage of tin are very brittle.

Bronzes with 4-5% tin are single-phase alloys. The 
structure of a cast single-phase bronze consists of dendrites
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of the solid solution of tin in copper (Fig. 18.4). The dendri
tic structure is duetto the tendency of the solid solution in 
high-tin bronzes xo segregate.

Bronzes with more than 5% tin are two-phase alloys. 
They have outstanding antifriction properties. Their struc-

Fig. 18.3 Microstructure of low (alpha +  beta) brass, X250

ture consists of dendrites of the alpha phase and inclusions 
of the alpha +  beta phase eutectoid (Fig. 18.5). When 
etched, the alpha-phase dendrites high in copper grow dark,

whereas the interdendritic areas high in tin remain light- 
coloured. Two-phase bronzes are only used in the cast condi
tion as their structure includes a hard eutectoid.

Leaded bronze is an antifriction alloy. Lead does not 
dissolve in copper in either the liquid or the solid state, so 
the structure of leaded bronze consists of copper crystals 
and fine lead inclusions (Fig. 18.6). The addition of lead 
improves machineability and antifriction properties as it 
acts as a lubricant. Before casting, the alloy is thoroughly 
stirred and the casting is rapidly cooled in order to avoid 
segregation upon solidification—in this way, the lead inclu-

Fig. 18.4 Microstructure of cast 
6% Sn bronze, X200

Fig. 18.5 Microstructure of 
cast 10% Sn bronze, X250
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sions are distributed in the copper matrix more uniformly. 
Leaded bronze is applied to strips from which bearing liners 
are then stamped, or directly cast as plain bearing liners.

Aluminium alloys. From an engineering point of view, 
aluminium-base alloys are classed into wrought and cast

Fig. 18.6 Microstructiire Fig. 18.7 Classification of alumi- 
of leaded bronze, X 200 nium alloys from the equilibrium

diagram of an aluminium +  alloy
ing element system

alloys, and both of these general types are further classed 
into heat-treatable and non-heat-treatable (Fig. 18.7).

Non-heat-treatable wrought aluminium alloys have a 
low strength, a high ductility, and a high resistance to 
corrosion. Examples of this group are Al-Mn and Al-Mg 
alloys. They are single-phase alloys.

Heat-treatable wrought aluminium alloys are two-phase 
structures. The most outstanding alloy in this group is 
Duralumin (frequently abbreviated to Dural), consisting 
of aluminium, copper, magnesium and manganese. It can 
readily be worked in both hot and cold state. After cold 
working, it is subjected to a softening anneal at 340-370°C.

The heat treatment of Duralumin consists in heating 
to 490-510°C and quenching from that temperature in water. 
After quenching, the structure of Duralumin is a supersatu
rated alpha solid solution and the undissolved iron compound 
present in the alloy as an impurity.

Heating to above 510-520°C causes oxidation and partial 
melting at the grain boundaries because of which the strength 
and ductility of the article are sharply reduced. Failure to 
heat a Duralumin article to an optimal hardening tempera
ture will impair the desired qualities.
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After quench hardening, Duralumin is subjected to natu
ral or artificial ageing for better strength and hardness.

Natural ageing takes place at room temperature for five 
to seven days. The manner in which natural ageing modifies

MPa

7 days

Fig. 18.8 Changes in the tensile strenght, a*, of Duralumin with
natural ageing

the mechanical properties of Duralumin is illustrated in 
the plot of Fig. 18.8.

Artificial ageing (or precipitation treatment) is carried 
out at 150-180°C for 2-4 h. The manner in which the hard-

Fig. 18.9 Variations in the tensile strength, a*, of Duralumin with 
temperature of ageing

ness of Duralumin varies with the temperature of ageing 
will be clear from reference to Fig. 18.9. As is seen, a decrease 
in temperature slows down the ageing treatment; conversely, 
an increase in temperature speeds it up.

After quench hardening and ageing, the microstructure of 
Duralumin consists of light-coloured crystals of solid solu
tion and dark CuA12 inclusions (Fig. 18.10).
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If, after quench hardening and natural ageing, Duralu
min is heated at 200-250°C for 20 to 40 s, it will lose its 
strength and acquire properties existing in the freshly 
quenched condition. This is recovery. The recovery treat
ment may be applied more than once, but it impairs the 
corrosion resistance of Duralumin.

Cast aluminium alloys are mainly alloyed with silicon, 
copper, magnesium and some other elements. Sometimes,

Fig. 18.10 ( Microstructurc Fig. 18.11 Microstructure of silu-
of Duralumin after quench min prior to modification, x200
hardening and ageing, X 200
manganese, nickel and chromium are added in small a- 
mounts (0.5-3.5%) mainly to improve resistance to corrosion 
and softening at elevated temperatures.

Aluminium-silicon alloys (frequently called silumins) 
contain 12-14% Si, or, though more seldom, 6-8% Si. Sili
con dissolves in aluminium to a limited extent, does not 
react with aluminium to form any compounds, and segre
gates into a separate phase.

The structure of hypereutectic silumin (Fig. 18.11) con
sists of excess silicon crystals and an alpha +  Si eutectic. 
The excess silicon crystals are large polyhedrons, whereas 
the silicon crystals of the eutectic are acicular. The coarse 
eutectic structure and the coarse primary silicon crystals are 
responsible for the low mechanical properties of the alloy. 
To improve the properties, the structure is usually “modified” 
before casting by the addition of a small amount (1 % of the 
total mass of the molten alloy) of sodium or sodium salts. 
This “modification” treatment (Fig. 18.12) depresses the
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temperatures at which excess silicon crystals are rejected 
and the eutectic solidifies. Now that the eutectic begins to 
solidify at a lower temperature, a finer structure is obtained. 
Also, the hypereutectic alloys .with 12-14% silicon changes 
to a hypoeutectic one. After the modification the structure of 
silumin consists of a fine-grained alpha +  Si eutectic and 
alpha-phase dendrites (the
light-coloured crystals in Fig.
18.13). The refinement 
of the eutectic and the absence 
of brittle silicon inclusions 
improve both the strength 
and toughness of the 
alloy.

Silumins with the addi
tions of copper, magnesium 
and manganese are heat treat
ed for better mechanical 
properties. Heating for harden
ing is to 520-540°C. The
holding time is extended so 
as to promote the dissolu
tion of the coarse intermetallic compounds and to homo
genize their concentration throughout the material. Quench
ing is done in water.

Artificial ageing (precipitation treatment) is carried out 
at 150-180°C for 10-20 h.

Fig. 18.12 Effect of modifica
tion on solidification in the 

Al-Si system:
I — no modification; 2 — after 

modification

Fig. 18.13 Microstructure of mo
dified silumin, X200

Fig. 18.14 Microstructure of 
babbitt metal with 83% Sn, 

X 200



Antifriction bearing metals. Bearing metals are expected 
to have a low coefficient of friction, improved wear resist
ance, and the ability to withstand high pressures.

By far the best bearing metal is babbitt (or white) metal, 
especially one containing 83% tin. The microstructure of 
babbitt metal (Fig. 18.14) has a soft matrix (the dark back
ground) which is an alpha solid solution of antimony and 
copper in tin. The hard particles are the cubic crystals of 
the beta phase (SnSb) and needle- or star-shaped crystals of 
Cu3Sn inclusions.

Copper is added to babbitt metal mainly to prevent 
segregation during solidification. The Cu3Sn inclusions are 
refractory, so they are the first to solidify as needles and 
stars, thereby forming a skeleton in the liquid phase. As the 
solidification goes on, this skeleton holds the crystals of 
the beta phase against floating up. As a result, the hard 
particles are uniformly distributed throughout the babbitt 
structure.

18.2 Experiment

Object: To learn how to carry out microscopic examina
tion of nonferrous alloys.

Apparatus and material: A metallographic microscope, 
a collection of microsections of nonferrous alloys.

Assignment: To ascertain the microstructure of nonferrous 
metals.

Procedure: 1. Get microscopic sections of nonferrous 
metals.

2. Carry out microscopic examination of the sections, 
sketch the microstructures observed, name and point with 
arrows each constituent.

3. Identify each alloy from its microstructure and the 
heat treatment it has received.

4. Draw up a report. In the report, analyse the results.
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Laboratory Project No. 19

Quality Qontrol 
of Simple Heat-Treated Parts

19.1 Theory

Quality control is a program of activities carried out 
in the course of production in order to prevent spoilage, to 
reclaim rejected work, and to turn out final items in confor
mity with specifications.

Quality control comes in at every stage of the production 
cycle: there is control of incoming materials, control of heat- 
treatment practices and procedures, and control of finished 
products.

Step-by-step^quality control of all parts being heai-treat- 
ed is important as it assures the reliability and durability of 
the machines that will be using the heat-treated components.

The quality of heat treatment is determined and any 
internal and external defects are detected by macroscopic 
and microscopic examination, mechanical testing, and a va
riety of nondestructive testing methods such as magnetic- 
powder, X-ray, fluorescent, ultrasonic and other tests.

In the heat-treatment department, in addition to quality 
control, it is essential to keep watch on the proper conduct 
of the procedures and practices involved. This includes monitor
ing the temperature and atmosphere in the furnaces, the depth 
of case produced by carburizing and other surface impreg
nation processes, checking the jigs and fixtures used, etc.

Heat treatment may cause warpage of the workpieces. 
Warpage can be checked by mounting shaft-type parts 
between centres and measuring the wobble with a dial indi
cator. In the case of flat pieces, warpage can be checked on 
standard surface plates with straight edges and feelers.

19.2 Experiment

Object: To learn how to check the quality of simple heat- 
treated parts.

Assignment: To check the quality of simple heat-treated 
parts.
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Procedure: 1. Check the quality of parts that have been 
subjected to normalizing, quench hardening and tempering. 
Determine the grain size, microstructure and hardness with 
a metallographic microscope, a Brinell or Rockwell tester, 
and instruments for nondestructive testing of materials (such 
as used in large-scale production).

2. In the case of parts that have received surface harden
ing treatment (such as flame hardening, induction harden
ing, surface impregnation, and the like), determine the 
superficial hardness and depth of case, using a metallogra
phic microscope, a Rockwell or Vickers hardness tester, 
and a superficial Rockwell tester.

3. In the case of items from tool steels, check the grain 
size at the temperature of heating for hardening, hardness 
and microstructure, using a metallographic microscope, a 
Rockwell hardness tester, and instruments for nondestructive 
testing.

4. Draw up a report. In the report, describe the techni
ques used and analyse the results obtained.
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